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FOREWORD
These proceedings document the presentations given at the Second Environmental Control Symposium sponsored by the Department of Energy (DOE). Although
the symposium was organized under the auspices of the Environmental Control
Technology Division, Assistant Secretary for Environment, Symposium presentations highlighted environmental control activities which span the entire Department of En2rgy.
The plenary topic, "How the National Energy Plan and Environmenta. Goals
Drive DOE Environmental Control Activities," reflects the Department of energy's
goal and commitment to the support and development of energy systems that are
environmentally acceptable.. This commitment is, in part, shown by the extensive
support of environmental control activitie.3 within the total DOE program: about
$421 million in FY1979*,with a similar amount expected for FY1980.
The objectives of the Environmental Control Symposium were: (a) to emphasize that, concurrently with development of energy technologies, DOE is
deeply concerned with corollary measures required to mitigate potential impacts
on the environment from existing and p«w energy systems; and (b) to provide
a forum for dissemination of information and achievements of DOE activities in
environmental control. For this reason, the Symposium presentations focused on
DOE-supported activities related to research, development, and demonstration of
processes, procedures, and strategies to eliminate or reduce undesirable environmental impacts of energy technologies. Rather than simply identifying
potential problem areas, the presentations were intended to emphasize results
of ongoing efforts. Symposium topics included discussions of (a) sim^tt "add-on"
control methods for application to conventional and possibly emerging power
systems; (b) in-process modifications to energy production techniques to control
environmental impacts; (c) alternative energy systems; (d) environmental control
aspects of energy transmission, transportation, and storage; and (e) alternative energy and environmental control strategies.
Owing to the varied topics cohered in the Symposium and the total length
of the papers presented, these proceedings have been arranged into two volumes,
whose contents correspond to selected areas of interest. The arrangement is
as follows:
Volume 1 - Fossil Energy
Session
Session
Session
Session
Session
Session
Session

2 — Conventional Coal Utilization. I. — Coal Preparation
3 ~ Oil Shale
5 -- Conventional Coal Utilization. II. -~ Combustion
8 ~ Advanced Coal Utilization (FBC/MHD, OCGT, Fuel Cells)
11 — Coal Conversion. I -- Gasification
13 -- Fossil Resource Extraction
15 — Coal Conversion. II — Liquids

Environmental Control Technology Activities of the Department of Energy in
FY1979, U.S. Department of Energy, Assistant Secretary for Environment,
Division of Environmental Control Technology (In press)

Volume 2 — Nuclear Energy, Conservation, and Solar Energy
Session 1 -- Environmental Control Aspects of Nuclear Energy Use and
Development
Session 4 — Nuclear Waste Management.I
Session 6 — Renewable Energy Sources.I
Session 7 — Nuclear Waste ManageiTient.il
Session 9 — Renewable Energy Sources. II
Session 10 — Materials Transportation and Control
Session 12 — Transportation and Building Conservation (Fuel Economy,
f-asohol, Building Standards, Industry)
Session 14 — Geothermal Storage and Power Transmission Systems
The Department of Energy believes that this Symposium and subsequent
symposia being planned provide forums for enhanced exchange of information
between the Department and the public on the Department's progress toward the
goal of ensuring that the Nation's energy demands can be met in an environmentally
acceptable manner.
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SESSION 1
ENVIRONMENTAL CONTROL ASPECTS OF NUCLEAR ENERGY
USE AND DEVELOPMENT

Chairman: George Sherwood
Co-Chairman: Joseph Maher

ENVIRONMENTAL IMPACT OF RADIOACTIVE RELEASES FROM RECYCLE
OF THORIUM-BASED FUEL USING CURRENT CONTAINMENT TECHNOLOGY*
V. J. Tenjiery, E. S. Bomar, W. D. Bond, L. E. Morse,
H. R. Meyer, J. E. Till, and M. G. Yalcintas
Oak Ridge National Laboratory
P. 0. Box X
Oak Ridge, Tennessee
37830
INTRODUCTION
There iias been recent interest in thorium-uranium fuel systems for use in fast
breeder reactors (FBRs) due to their potential for providing resistance to diversion of nuclear material as compared to uranium-plutonium fuel systems.
The increased resistance of thorium-uranium fuel materials to proliferation
of nuclear weapons is a subject of particular interest. Carbide fuels have
several potential performance advantages in FBRs compared to oxide fuel, and
this paper is specifically concerned with mining and milling of thorium ores
and subsequent use of carbide fuel in FBRs.
Thorium is currently used in the United States in small amounts and is derived
as a secondary product of mineral processing oriented to titanium and rare
earth extraction. Power generation on a commercial scale using nuclear reactors
fueled with thorium-based fuels will require a very large increase in the
amount of thorium mined plus the reprocessing and refabrication of the spent
fuel to recover the 233u bred during irradiation of thorium in the reactor.
METHODOLOGY
Prediction of the impact of future ore mining and milling or spent fuel reprocessing operations in the absence of prior, full-scale commercial experience
requires preparation of a model of these operations, using flowsheets and
mathematical formulas which permit the calculation of source terms (release
rates of various isotopes). Radiological doses may then be calculated by
simulating the vesulting interactions with the environment through contact or
assimilation by vegetation or animals and, in particular, man.
Flowsheets were prepared to describe the movement of material through the
various operations at the mine and mill complex and through fuel reprocessing
and refabrication plants. Radioactivity is released from each of these processes in the form of particles and gases resulting from blasting or grinding
of ore and conditioning of spent fuel, as well as through release of gases
during dissolution of spent fuel. Liquids containing some radioactivity may
also be released from the mill and the fuel refabrication plant. These radioactive releases are quantified as a source term for each isotope in every
major operation where a radioactive release is judged to be possible. The
source term value is calculated from the confinement factor (CF) for each
*Research sponsored by Reactor Research and Technology, U.S. Department
of Energy, under contract W-7405-eng-26 with the Union Carbide Corporation.

isotope and the activity of the isotope present in a given process per unit
time. The CF is the ratio of the activity present for each applicable process
in the fuel cycle to the activity released to the environment. The source
term is calculated by dividing the isotopic activity present per unit time in
the process by the CF. The CFs for each isotope are determined by the design
of the process and the equipment used in the process and thereby has a direct
effect upon size of the source term. The magnitude of the release rate is
inversely proportional to the CF. The source terms describing all liquid,
particulate, and gaseous release rates plus, meteorology information for the
particular hypothetical facility site were used as input to the AIRDOS-II
computer code* which predicts the airborne distribution and deposition cf
released radioactivity. Doses are calculated for both the "fence-post man,"
who is assumed to reside 1.6 km from mine/mill site and 1.0 km from the
reprocessing/refabrication facility, and the general population contained
within an 80-km radius of the facility. For estimating a conservatively
high dose, consumption of only locally grown food products was assumed for
this individual. Population doses are calculated assuming both local and
"imported" food products. The AIRDOS-II code, supplemented by the INREM-II
code, also accounts for differences in known chemical and physical behavior
of the various isotopes, predicts the inhalation and ingestion of these
isotopes by individuals at various distances from the facility, incorporates
estimates of distributions within and elimination rates from the body, then
uses this information to calculate specific organ and whole body doses to
man. The organ models used are updated regularly based upon most recent
biological research results.2 Various potential pathways of exposure to man
from radioactive effluents released to the environment are included, as shown
in Fig. 1.
Radiological impact is calculated as the 50-year dose commitment to individuals
and populations in millirems or man-rems per year of facility operation. The
dose commitment is calculated for one year of intake or exposure; dose from
this exposure can accrue during the assumed remaining 50 years of the individual's life. Population dose estimates are the sums of total-body or specific
organ doses to all individuals assumed living within 80 km of the facility.
Several characteristics of the 2 3 2 Th decay chain, shown in Fig. 2, are important during and after processing
of thorium ores or spent fuel. The decay
products or daughters of " 2 T h are a mixture of alpha and beta emitters with
some accompanying gamma radiation. The half life of 232yn O f ]Q\0 years is
extremely long compared with its daughters; therefore,
mass concentrations
232
of the daughters
in
secular
equilibrium
with
Th
are
very
low. One of the
daughters, 2 2 0 Rn with a half life of 56 s, is a chemically inert gas which
rapidly decays to particulate isotopes. The decay chain shows that thorium
radioactivity will be strongly influenced by the relatively short-lived 22 °Th
when thorium is chemically separated from its nonthorium daughters. The radioactivity of the residual separated material will be controlled by the decay
of 22 °Ra as its concentration gradually declines to a level sustained by
residual 232jh resulting from incomplete thorium separation in a given process.
MINING, MILLING, AND REFINING OF THORIUM
The locations and types of thorium deposits in the United States are shown in
Fig. 3, where various site numbers are given for these deposits. A substantial
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increase in thorium demand would probably result in mining of the vein deposits
located in the western United States. Two sites, No. 1 in the Lemhi Pass
District of Idaho and Montana and the other, No, 5, in the Wet Mountains of
Colorado, as shown in Fig. 3, were selected for site-specific analysis.
Principal components of the mine and mill complex used in this analysis included: open-pit mine, ore storage pile, mill, tailings impoundment, and
thorium lefinery. The ore pile contains a 60-d reserve to allow operation of
the mill at its 1600-Mg/d capacity during those winter months when weather prevents mining activities at higher elevations. Radioactivity will be released
from the mine as gas and dust, and we assumed that 3700 m 2 (3 acres) of thoriumbearing ore containing the equivalent of 0.5%2 2ThO2
are exposed at a given time
to supply ore to the mill. The mechanism of 0 Rn release and its flux rate
from thorium ore was assumed to be similar to that for 222Rn r e i e ase from
nium ore, due to lack of specific data for thorium ores. A flux rate for
R 0 pf i#3 kBq/m2-s or a total of 16 MBq/s (0.43 mCi/s) was calculated for
3700 rtr of exposed ore.
Air-suspended dust levels from the mine and mill and gas releases from these
operations were calculated based upon previous work.-* Using these levels, airborne radioactivity levels for 11 isotopes were estimated. Handling of ore from
the mill storage pile similarly results in air suspension of radioactive dust
and this contribution to the mine/mill source term was also estimated. From
these estimates, source terms were calculated for the 11 isotopes within the
thorium decay chain.
Population data for dose
calculations were obtained from the "Reactor Site
Population Analysis" 4 code. Best available meteorological data for both hypothetical mine/mill sites were obtained from the National Oceanic and Atmospheric
Administration for a pair of nrst-order weather stations located near each
site. The maximum individual 50-year dose commitment for 1 year of mine/mill
operations is given in Table 1 and the percentage contribution of each isotope
to each dose is shown in Table 2. Radon-220 and daughters are the primary
contributors to all organs, with " 8 R a being second in importance. Ingestion
is the primary exposure mode for total body (47%) and bone (61%), while inhalation contributes 99% of the lung dose. The contribution of the radon daughter,
222R n> and its decay chain are currently excluded as a dose source in EPA
Regulation 40 CFR 190 for the uranium fuel cycle.5 Three of the organ doses
from thorium mining and milling are compared graphically with this regulation
in Fig. 4, and thorium mining and milling dose commitments fall within these
limits. Population dose commitments from these operations were found to be
similarly low.6
REPROCESSING AND REFABRICATION OF ( 232 Th, 2 3 3 U ) CARBIDE FUELS
Plants for the reprocessing and refabrication of irradiated nuclear fuels are
designed and constructed to minimize exposure of operating personnel to radioactivity and to contro', radioactivity releases to the environment. Principal
control is provided by a primary cell which for recently irradiated and recycled
thorium- 233 U fuels must have thick concrete walls for protection from gamma
radiation. A tightly constructed building serves as the secondary container.
Working volumes of cells and reaction vessels located in the cells are gas purged
or vented to remove gaseous reaction products. These gaseous streams are treated

Table 1.

Maximum Individual 50-year Dose Commitment to Total Body and
Various Organs from Radioactivity Released to the Atmosphere
During One Year of Facility Operation
Dose Commitment (millirems)

Iteteorology
Body

61 Tract

Butte
Mull an Pass

2.4
2.4

4.1

Pueblo
Alamosa

3.7
3.2

Table 2.

Bone Thyroid

Lungs

Kidneys

Liver

3.7

Lemhi Pass Site
9.5
2.4
35.3
9.4
2.4
" 0

4.3
3.9

2.9
2.7

3.8
3.3

Wet Mountains Site
13.1
3.7
33.4
11.2
3.2
28.7

4.2
3.7

3.3
2.8

Radionuclide Contributors to the Dose Commitment to Various
Organs for Maximally Exposed Individual
Contribution to Dose Commitment (t)

Radionuclide
total
Body

232Th
228Ra
228Ac
228Th
224Ra
n
220Rn + D a
232Th
228Ra
228Ac
228Th
224Ra
220 R n +

3
36
<1
1

<1
59
4
59
<1
2

a
a
D

<1
35

GI Tract Bone Thyroid

Lungs Kidneys Liver

Lehmi Pass Site (Butte tMeteorology)
4
<1
10
<1
4
36
2
23
<1
<i
<1
<]
<1
<]
<]
<1
2
2
<1
<1
98
65
58
98
95
Wet Mountains Site (Pueblc) Meteorology)
<]
2
<1
12
4
4
42
59
<1
9
<1
<]
2
1
3
2
1
<]
35
94
43
96
87

Contribution of 220Rn and daughters of 220R n .

13
6
3

78
1*8

13
t

5

63
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before venting to the atmosphere to remove acids, various radioactive species,
and entrained particles. Chemical processing flowsheets for aqueous reprocessing of spent thorium-uranium carbide fuels and the gaseous radioactive
isotopes present in the off-gas system were developed along with estimated
CFs to generate the source terms required for the dose commitment calculations.
Details of the methodology for calculating these source terms were recently
published.'
The ORIGEN isotopic generation and depletion code 8 was used to obtain the
composition of the spent fuel. The composition of the uranium feed was assumed
to be that calculated by Atomics International^ for FBR recycled thorium-based
fuel. It was assumed that thorium in the spent fuel was recycled to the fuel
refabrication plant after reprocessing and makeup thorium added as required.
Core loading and fuel management data needed for the ORIGEN calculations were
based on a recent analysis by Combustion Engineering, Inc.'" of the neutronic
performance of thorium/uranium carbide alternate fuels in a 1200-MW(e) FBR. At
the average fuel burnup in this reactor design and a thermal-to-electric conversion efficiency of 36%, 2013 Mg (2013 metric tons) of fuel would be recycled
each year to supply 50 GW(e)-years of electrical energy. This energy production
level was selected as it had previously been used as a basis for radiological
dose comparisons of various uranium-plutonium fuel systems in FBRs.''
The conceptual flow diagram used for generation of the fuel reprocessing source
terms is shown in Fig. 5.
The synthesis and refabrication of thorium-uranium carbide fuel pellets require
a series of mechanical steps and high-temperature processes. The carbide fuel
phases would be synthesized from the oxide product of the reprocessing plant via
carbothermic reduction. Dense ceramic fuel pellets of the mixed carbide consisting of a solid solution of thorium and uranium monocarbide would be fabricated
using pressing and sintering operations. The blanket material for this fuel
system is, of course, thorium monocarbide. The material flow diagram used to
obtain the fuel refabrication plant source terms is shown in Fig. 6, based upon
1 Mg of (U+Th). The maximum individual dose commitment due to radioactive
releases from the fuel reprocessing and refabrication plants for one year of
operation is given in Table 3. The significant contributors to the dose from
fuel reprocessing are listed in Table 4. Tfv dose commitment from fuel reprocessing is obviously much larger than that from fuel refabrication. The major
dose contributor from fuel refabrication is " 0 R n and its daughters.
Tab'e 3. Maximum Individual Dose Commitment to Total Body and Various
Organs due to Radionuclide Releases to the Atmosphere During
One Year of Plant Operation.
Total Body

GI Tract

Bone

Th roid

Lungs

Kidneys

3.1

4.6

Reprocessing Plant (millirems)
4.1
6.8
3.3

2.9

0.15

0.41

Refabrication Plant (millirems)
0.63
0.15
3.8

0.42
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Table 4.

Significant Contributors to Maximum Individual Dose Commitment due
to Radionuclide Releases to the Atmosphere during Reprocessing
Plant Operation
Contribution {%)

Radionuclide

3H

14c

85 K r
106 Ru
129j
137^5
144 C e
220
Rn + daughters
228Th
232u

Total Body

GI Tract

Bone

Thyroid

Lungs

Kidneys

64
8
1
1

43

49
11
1
9

29
2
<1

61
3
2

69
5
1
2
<1
13

4
1
32
<]
6
6

1
<1

<1
1

<1
<1

1
3

9

5

72

1

<1

13

12

1

1

57
6

<]
10

<1

1
5

<]
4

3
12
1

1
<]

7

In Fig. 7, the dose commitments from thorium-uranium carbide fuel reprocessing
are compared to the 40 CFR 190 regulatory values for thyroid and other organs,
and demonstrate that, with the assumptions used in our calculations, the reprocessing of thorium-uranium FBR fuel would result in dose commitments well below
the regulatory level. Table 4 clearly illustrates the significance of tritium
to the maximum individual dose commitment, even though our spent fuel calculations assume that the tritium inventory is only 10% of the total inventory
produced during fuel residence in the core. This assumption is based upon the
observed diffusion rates of tritium through present FBR cladding alloys at design
clad operating temperatures. This residual 90& of the generated tritium will be
cold-trapped from the sodium coolant at the reactor and subsequently isolated
from the environment. The percentage dose contribution for five of the major
isotopic dose contributors from the reprocessing plant effluent are shown in
Fig. 8 for three organs.
A comparison of the percentage contribution of tritium to the total body dose
from the thorium-uranium carbide fuel reprocessing to that cited in other
assessments of this type for uranium-plutonium carbide fueled FBRs, LWRs, and
HTGRs is shown in Fig. 9. This figure shows that thorium-uranium carbide fuel
reprocessing does not provide a significantly larger proportion of its dose
commitment from tritium than would the reprocessing of fuel from other types
of reactors or from U/Pu carbide fueled FBRs. These data do suggest that the
fuel reprocessing dose commitment could be significantly reduced by increasing
the tritium CF, which was assumed to be unity for all of these analyses. Laboratory scale experiments show that a 10-fold increase in the CF for tritium is
technically attainable with higher values highly probable. Demonstration of
CF = 10 for tritium on a scale meaningful to reprocessing plant designs should
be accomplished as soon as possible.

13

75

DOSE
(mrem)

40 CFR 190

THIS STUDY
25

THYROID

OTHER
ORGANS

Fig. 7. Comparison of Dose Commitment for (Th,U) Carbide
Fuel Reprocessing and 40 CFR Values,
Maximally Exposed Person

-i

14

1 r

BONE
LUNGS
THYROID

14,

129
k\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\Vl

137 Cs
232 U
I

II

20

j

I i I

40

i

6080 100

DOSE (%)
Fig. 8. Fractional Dose Contribution for Three Organs^
of Maximally Exposed Person from Five Major Isotopes in
Reprocessing Plant Source Terms

15

100

80

ORN1-5230
ORNL/TM-6493

CONTRIBUTION OF
TRITIUM TO DOSE
TO TOTAL BODY OF
INDIVIDUALS {%)

60
ORNL/NUREG/TM-6

40
ORNL/
NUREG/TM-4
20

LWR
FUEL

HTGR
FUEL

ADVANCED ADVANCED
U/Pu
Th/U
CARBIDE
CARBIDE
FUEL
FUEL

Fig. 9. Fractional Tritium Dose Contribution for Maximally
Exposed Person at Reprocessing Plant Boundary for
Four Reactor Cases

16

For the case of the thorium-uranium carbide fueled FBR analyzed here, we have
calculated the dose reduction possible from the reprocessing plant by increasing
the tritium CF and the results are shown in Fig. 10 for both the individual
and population doses. Increasing the CF beyond about 20 does not strongly
affect the resulting dose due to the fact that beyond this value, the other
isotopic releases have become dominant as sources for the radiological dose.
CONCLUSIONS
The analysis of thorium mining and milling suggests that the resulting doses
should be similar to those from uranium operations. An absolute comparison
cannot be made at this time, however, due to differences in some assumptions
utilized by the various investigators and the lack in some cases of sitespecific meteorology and population data at thorium resource sites in the
western United States. A distinct difference resulting from the short halflife of "^Rn (T-j/2 = 55.6 s) in the thorium decay chain compared to that
for 2 2 2 Rn (T1/2 = 3.82 d) in uranium decay was noted for emissions following
mill shutdown. This effect is to make potential releases following thorium
mill shutdown of lesser consequence than in the uranium case. Thorium tailings
activity would also decrease 2relatively
rapidly due to the comparatively short
half-life {l]/z = 5.75 y) of 2 8 Ra.
Doses due to airborne releases from thorium-uranium carbide fuel refabrication
are significantly less than that due to fuel reprocessing. Tritium is the
principal
contributor to reprocessing plant doses while carbon-14, '^1Cs, and
232
U account for most of the remaining dose. A tenfold increase in reprocessing
plant CF for tritium reduces both individual and population doses by about 60%.
For refabrication operations, a near linear dependence upon dose with "2?U con_
tent of the fuel was calculated between concentrations of 10 ppm and 5000 ppm.
Comparison of (Th,U)C and (U,Pu)C showed little difference in dose commitment,
but the presence of Z " U in the (Th,U) fuel causes a notable increase in the
refabrication plant dose over that previously calculated for (U,Pu) type fuels.
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CONTROL OF RADIOACTIVE MATERIAL TRANSPORT IN SODIUM-COOLED REACTORS
W. F. Breton
Hanford Engineering Development Laboratory

INTRODUCTION
The Radioactivity Control Technology (RCT) program was established by
the Department of Energy to develop and demonstrate methods to control
radionuclide transport to ex-core regions of sodium-cooled reactors. This
radioactive material is contained within the reactor heat transport system
with any release to the environment well below limits established by regulations. However, maintenance, repair, decontamination, and disposal operations potentially expose plant workers to radiation fields arising from
radionuclides transported to primary system components. The development of
successful techniques to control radioactive material transport means lower
occupational radiation exposure to workers, lower maintenance costs, improved plant factor and reduced doubling time for breeder reactors.
Three distinct classes of radioactive species are released: activated
corrosion products from fuel cladding and core components, fission products
from breached fuel pins, and tritium. The corrosion products and tritium
are always present; fission products are released to the sodium only if
fuel pins breach.
In order to be economically viable, sodium-cooled reactors must operate at fairly high temperatures (500 C) and with long, uninterrupted fuel
irradiation runs. These conditions increase the potential for radioactive
corrosion product transport; achieving the goal of long uninterrupted operating may mean that release and transport of fission products from small
numbers of breached fuel pins may have to be controlled. The radioactivity transport problem is not new or unique to sodium-cooled reactors; it is
also seen in light-water reactors.
An example of the problems that have been encountered in liquid-metal
cooled reactors was seen at the Dounreay Fast Reactor (now decommissioned)
in Great Britain, where location and repair of a leak in the coolant circuit lasted several months and required hundreds of workers to limit exposure to allowable levels.(*) (Furthermore, allowable exposure to people
was greater than it is today.) Conversely, reduction of radiation levels
has been achieved in the decontamination of the BR-5 reactor in the Soviet
Union,( 2 ) the decontamination prior to repair of the PHENIX heat exchangers
in France,( 3 ) and the removal of 1 3 7 Cs from sodium in the Experimental
Breeder Reactor-II (EBR-II) in the United States.(4)
It is to be emphasized that essentially all the radioactive material
remains within the confines of the primary heat transport system. There is
no radiation exposure to the ' lblic, and exposure to plant workers only
when it becomes necessary to perform maintenance and repair operations on
or adjacent to primary system components.
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This paper deals with radioactive material generated and transported
during steady-state operation, which remains after 21*Na decay. Potential
release of radioactivity during postulated accident conditions has been
treated extensively elsewhere and will not be discussed here. The paper
discusses the control methods for radionuclide transport, with emphasis on
new information obtained since the last Environmental Control Symposium,(5)
and shows that development of control methods is an achievable goal.
SUMMARY
A large number of corrosion and fission products have been identified
in the primary circuit of sodium-cooled reactors. Reducing oxygen level in
sodium reduces corrosion product release by a small amount, but not enough
to solve the transport problem. Lowering reactor operating temperature will
also reduce the corrosion product source rate, but to achieve a complete
solution would require temperatures too low for practical power production.
Engineered devices to remove corrosion products have proven quite successful in the first in-reactor tests; several modifications to the original
concept which may improve their efficiency and reduce installation cost, are
scheduled for test. Removal of soluble fission products (mostly 1 3 7 C s ) by
other engineered devices and cold trapping ha^ been demonstrated. First
data from a "deposition sampler" run in conjunction with run-beyond-cladding
breach tests are presently being evaluated.
A process for component decontamination, leaving the component qualified for ; turn to service, has been developed for 304 stainless steel, and
is being adapted to other materials.
Tritium permeation rates through reactor materials under operating conditions are quite low; furthermore, operation of sodium purification systems
(cold traps) at low temperature will precipitate most of the tritium in the
cold traps.
Future work will concentrate on demonstration of trapping and decontamination processes, improving transport prediction methods using operating
data from reactors, and working on control of radioactive material during
fuel handling, storage, and waste disposal and plant decommissioning.
DISCUSSION
Radionuclide Sources. Table 1 lists the radionuclide sources, together
with their half-lives and gamma-ray energies. Tritium (3H) has no gamma ray,
but, because it is mobile and can be absorbed into water supplies, control
of tritium transport is required. The most prevalent nuclides are 5lfMn,
60
C o , 1 3 7 C s , 1 4 O Ba-La, 95 Nb-Zr, and 3 H. Large quantities of 2hHa are produced during reactor operation, but it will decay to negligible amounts in
one to two weeks after plant shutdown because of its 15-hour half-life.
Sodium-22 ( 2 2 Na), although present, will not be a significant contribution
to radiation dose rates, compared to the corrosion and fission products.
Continued operation with breached fuel pins may result in release of
fuel particulates to the primary system. This event warrants study because
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the fuel particulates will probably contain significant amounts of fission
products, aiid also because of the need to control transport of Pu in the
primary system if the (U,Pu) fuel cycle is used. Evidence to date suggests
low solubility of Pu in sodium and low mobility of fuel particulates in reactor primary systems.
TABLE 1. RADIONUCLIDES
Nuclide

Half-life
Days

Gamma
Energy (MeV)

54
Fe(n,p)+
55

313

0.84

Most abundant
corrosion
product

59
Co(n, Y )+
60

1913

1.17, 1.33

Source is Co
impurity in
nickel, plus
Co-base alloys

71

0.81

Formation Reactions
Mn(n,2n)

6

°Co

Ni(n,p)

58 Co
59

Fe

1£

*°Ba/La
Nb/Zr

95

58

Ni(n,p)
Co(n,2n)
58
Fe(n, Y )+

45

)
\
1.10, 1.29)

fission product

1.1 x 10 4

0.66

Dominant
fission
product

fission product
fission product

12.8/1.6
35/65

0.54
0.76

Observed if
extended operation with
failed fuel

0.36

Unimportant in
steady state
operation,
only accident
conditions

59

fission product

239

65

Pu

zn

Comments

fission product
fuel
10
B(n,oc)7Li(n,n«)+
10
B(n,2<*)
ternary fission

996
8.9 x 10 6
4500

0.43
5.1 (alpha)
0.006 (beta)

61

244

1.11
0.51

*Zn(n,Y)

+dominant reaction

Unimportant
-relative to
51
*Mn and 6 0 Co

From impurities in sodium
and structural
metals, seen
in Europe but
not in the USA.
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Information from radionuclide transport measurements in test loops and
operating reactors has shown that much of the transported corrosion product
radioactivity is adherent to the deposition sites and is not removed by
draining away the sodium, or by water or alcohol washes. The most prevalent fission product, 1 ^'Cs, does not adhere strongly to surfaces. The
13
^
is usually found in locations where large volumes of sodium remain
after draining, also in lower-temperature regions such as cold traps.
Schematic representations of nuclide transport and deposition are
shown in Figures 1, 2, and 3. Keeping the radioactive material within
the reactor vessel (as can be done with a "nuclide trap" which is an integral part of the fuel assembly) precludes any further interaction with
people; precipitation and removal of radioactive material in the purification system also provides isolation. Precipitation of tritium in the
secondary system cold trap provides less isolation,* but the tritium itself is safely confined, and the trap material itself provides an effective barrier against the weak 0.006 MeV beta emission from tritium.
Several studies and experiences ' ' '
have shown that radiation
levels over 1 R/hr can be expected near reactor primary system components
from corrosion product (5l*Mh,6 0 Co) release and transfer; addition of fission products from breached fuel has created radiation fields of the same
magnitude.( 8 ) Because of the radiation exposure to workers, extended operations in fields of over 200 mR/hr are cumbersome and expensive, and a
field of 25 mR/hr is the goal of some modern plant designs. It is to be
emphasized that these radiation levels are for workers in the plant, that
the goal remains to have negligible release of radioactive material outside the plant; sodium-cooled reactors operating to date have achieved
this latter goal.
A multi-phase program has been established to reduce the amount of
transported radioactivity and develop a decontamination process for components as shown in Figure 4. The status and recent accomplishments of
each control technique are given below.
Coolant Purity and Temperature Effects. Experimental studies were completed showing that reducing oxygen in sodium from 2.5 to 0.5 ppm had little
effect on 5**Mn release at both 604° and 538°C, and reduced 6 0 Co release by a
factor of two to three. Substantially more 51fMn than 6 0 Co is released because 5l*Mn is preferentially released from the stainless steel, while 6 0 C o
is preferentially retained at the metal surface. The 5I+Mn release rate at
604 C was three times that at 538°C, the 6 0 Co release rate was 1.7 times
as great.( 9 > i U ) These results contradict the hypothesis of Reference 6,
but the observed effect of oxygen on nuclide release was factored into the
more recent work of Reference 7. Operations at < 0.01 ppm oxygen with a
hot trap at 604°C did not decrease the 5lfMn or 6 0 Co release below that observed at 0.5 ppm oxygen.C 11 ) Considerable information was obtained on
*The tritium gets into the secondary system of the reactor by diffusion'
thvough the walls of the intermediate heat exchanger, a quite slow process.

DEPOSITION

CORROSION

PRIMARY
SHIELD WALL
HEAT TRANSPORT SYSTEM CELL

ACTIVATED CORROSION PRODUCTS

A N D OTHERS
ACTIVATED CORROSION PRODUCT TRANSPORT

FIGURE 1

HEDL 7809-118.6

FISSION PRODUCT RELEASE
VESSEL

X
RELEASED FROM
LEAKER
CORE

Na

t

DEPOSITION

i

ll

i4OBa-La
95Zr-Nb FROM
FUEL-SODIUM
CONTACT

PRIMARY
SHIELD WALL
HEAT TRANSPORT SYSTEM CELL

Na
HEDL 8002-257.14

FIGURE 2

Is?

LOOP-TYPE REACTOR SCHEMATIC
HEAT TRANSPORT
CELL WALL
I

PRIMARY PURIFICATION
CELL WALL
VESSEL
SHIELD
WALL

CONTAINMENT
3UILDING

• ^
ALTERNATE TRAP
LOCATION FOR
PRIMARY PUMP

TRAP
LOCATION
FORM Mi>«t<
INTERMEDIATE
HEAT EXCHANGER

FUEL ASSEMBLIES
REFLECTORS/
BLANKETS
CORE SUPPORT
(SOURCE OF
TRANSPORTABLE
RADIONUCLIDES)

STEAM
GENERATOR
STEAM TO TURBINE
WATER

P

SECONDARY
PUMP

PRIMARY SYSTEf
PURIFICATION A N D
MONITORING
(137Cs)
3

_

SECONDARY
PURIFICATION
A N D MONITORING
<3H)

FIGURE 3

I

HEDL 8002 257.11

CORROSION PRODUCT TRANSPORT
CAN CAUSE MAINTENANCE PROBLEMS
10

PRESENT FFTF ESTIMATE, RATEO
CONDITIONS.NO CONTROL MEASURES
CONTROL MEASURES
o OXYGEN CONTROL
O REDUCED TEMP
O TRAPS
O DECONTAMINATION
O TRITIUM CONTROL

a

i

i

INCREASINGLY DIFFICULT
MAINTENANCE

A
£2

IMPROVED PLANT FACTOR
REDUCES DOUBLING TIME

.2

V
CONTACT MAINTENANCE FEASIBLE
LESS DOWN TIME AND
LOWER OPERATING COSTS

HEDL 7612-142.2

FIGURE 4

27

nuclide distribution around a sodium loop; the 6 0 Co favors the hot leg as
a deposition site while the ^ M n deposits preferentially in the cold leg.
Some (probably only 1 or 2 percent) of the released activity is circulated
around the loop before depositing. Both 5lfMn and 6 0 Co that deposit in the
hot leg diffuse into the metal substrate, whereas the 51fMn in the cold leg
is found in Ni-Mn rich deposits on the metal surface, adherent to it. The
deposits are more adherent at higher temperatures and lower oxygen levels.
The conclusions from this study, which is now complete, are that changes
in operating temperature and oxygen levels within limits necessary for
practical plant operation, will not stop corrosion product radionuclide
transport.
Radionuclide Trap Development. Pure nickel was found to selectively
remove ^ M n from sodium in the hot leg of a system. Experimental traps
were tested in small test loops; from these results a series of full size
trap tests for EBR-II and FFTF were developed, using 0.13 mm (5 mil) pure
nickel sheet wound on a mandrel, and dimpled to maintain 1.1 mm (45 mil)
interlayer spacing.
The rolled sheet is inserted in fuel assemblies directly above the
fuel pins. In this position the trap is exposed to all sodium passing
through the assembly, and the trap is changed when fuel is changed as shown
in Figures 5 and 6. Two tests have been completed in EBR-II. Results of
the first test show that the trap takes up 5-9 times as much 5 4 Mn as is released from the surfaces below; therefore the trap is acting as a getter
for the circulating 51*Mn in the entire primary sodium system; analysis of
the second test is nearly complete, and the data generally agree with the
first test.
A vapor-blasted surface proved more effective in small loop tests at
collecting
Mn than a conventional surface. A nickel plated surface was
equally effective (per unit area) as nickel sheet. This result leads to an
alternative trap approach, nickel plating the fission gas plenum region of
the fuel pins. Doing so will enable the total core length to stay the same
and eliminate most of the extra pressure drop through the fuel assembly (the
trap adds some). The combination of rolled-sheet traps in outer row assemblies and nickel plated fuel pins in inner fuel assemblies appears to be
promising in reducing 5£>Mn transport to the ex-vessel piping and components.
Fission Product Transport and Control. Cesium-137 was found to be the
most prevalent fission product released when "gas leaker" types of breached
fuel occur. The 1 3 7 C s is part of a fission gas decay chain. Other fission
products, such as 1 4 O Ba-La and 9 5 Zr-Nb, are released only by direct recoil
or if there is fuel-sodium contact, and in much smaller amounts. The 1 3 7 C s
is soluble in sodium, non-adherent to surfaces, and deposits preferentially
in cold traps. The other fission products are far less soluble in sodium
and do not preferentially migrate to cold traps.
Cesium has successfully been removed from sodium by carbon and graphite
in loop tests; the entire EBR-II primary system had 1 3 7 Cs removed while the
reactor was shut down using reticulated vitreous carbon (RVC), which has
roughly the same porosity and physical characteristics as styrofoam.("*)
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A schematic of this trap is shown in Figure 7. This effect has been characterized quantitatively at our laboratory. Three traps using graphite and
reticulated vitreous carbon were tested in a small loop at HEDL. 1 3 7 Cs was
successfully removed from the loop with no detectable increase in the carburizing potential in the loop; the RVC and graphite were equally effective
at removing 1 3 7 C s , but the RVC remained undamaged.
An improved trap design was developed and a test unit was fabricated
for testing.
To better understand the release and transport characteristics of fission products and fuel particulates, an experimental program has been set
up in EBR-II, which includes a "deposition sampler" in a location above a
fuel assembly with a breached fuel pin.( 12 ) This test is shown schematically in Figure 8. The first test has been completed. Considerable fission
product radioactivity, especially 9 5 Zr-Nb, lt|0Ba-La, lhL*Ce, 1 0 3 R u , was present; 1 3 7 Cs was absent as expected. Considerable 5l*Mn was found on the nickel
specimens which were included in the sample train. Results from these tests
will better define fission product source rates from breached fuel and establish the effectiveness of the nickel (which may be part of a trap for 5I*Mn
as described previously) at removing fission products. These results will
be used to establish limits for operation with breached fuel.
Decontamination. Most decontamination process development work to date
has been on a hot leg decontamination process in order to be ready should a
pump need to be decontaminated. Analysis of deposition and diffusion data
showed that removal of 20 pm (0.75 mil) of material would remove most of the
radioactivity. A limit of 50 um (2 mils) maximum intergranular attack from
the decontamination process has been established. A solution of 2-1/2%
glycolic-2-1/2% citric acid in water at 70-90 C, with dissolved oxygen maintained at < 10 ppb has been found effective for wrought 304 stainless
steel.( lk )
Reactors will use 304 and 316 stainless steel in both cast and wrought
form, for primary system components. The glycolic-citric acid process is
being evaluated for application to these materials. A diffusion study to
determine whether 5i|Mn and e o Co diffuse equal distances into 304 and 316
castings and wrought material (these results could affect the 20 ym material removal depth) is underway.
The Ni-Mn rich (".eposits in the lower temperature section of a reactor
intermediate heat exchanger and in reactor cold legs( 14 ) are not removed by
the glycolic-citric acid process used for the hot leg. A different process
is being developed.
Radioactivity Transport Analysis. Calculational methods have been developed for estimating the radiation levels in a reactor from corrosion product transport. The model is improved as new data ara obtained.
One inch diameter surveillance holes have been cast into the top of one
of the FFTF heat transport system cells. When the plugs are removed from
the holes, a well-collimated bean of gamma rays will be available for analysis. The required detector and multichannel analyzer have been procured,
set up and calibrated. This is shown schematically in Figure 9.
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Tritium Control. An experimental program investigated the permeation
of tritium through reactor containment materials, and tritium control methods. It was found that permeation through 304 and 31C stainless steels and
Fe-2 1/4 Cr-Mo ferritic steels was much slower than anticipated because of
oxide layer formation on the non-sodium-wetted side of the material. Maintaining a cold trap temperature as low as possible (> 115 C) reduced tritium
activity in the sodium to a very low level. Since co-precipitation with
sodium hydride assists tritium precipitation, hydrogen entering a reactor
secondary system from the steam generator circuit will also aid in keeping
tritium activity in the secondary system quite low. The conclusion of the
work was that tritium release from a sodium-cooled reactor during normal
operation is not a problem.( 15 )
In summary, we believe that trapping and decontamination give the possibility to restrict and control radionuclide transport and minimize radiation exposure to plant workers.
Future Work. Work in progress in the Radioactivity Control Technology
program will concentrate on reactor demonstration of the traps for 5l|Mn and
1 7
^ C s , and development of the improved 1 3 7 C s trap. Reactor operating data
on corrosion and fission product transport will be obtained; fission product release during operation with breached fuel will be obtained from the
tests described previously. Development and demonstration of decontamination process comatible with all reactor materials will be completed. Results of these test programs will be factored into the Conceptual Design
Study (CDS) for a large sodium-cooled reactor.
Related Studies. There are other closely related programs that deal
with control of radioactive materials. For example, an effort is underway
to develop a process to remove most radionuclides from waste sodium generated during component replacement and repair, then convert the remaining
sodium to glass for safe disposal (or alternately reserve the sodium for
re-use in a reactor). Quantities (several hundred kilograms) of sodium and
sodium components containing tritium, sodium-22, and corrosion and fission
products will have to be processed when purification cold traps are replaced. An evaporative process for removal of sodium from fuel assemblies
is being developed, this process will be most useful to remove sodium from
breached fuel assemblies and avoid energetic reactions between water and
highly irradiated fuel. Large quantities of mildly acid or alkaline water
containing low concentrations of radioactivity will be generated during
sodium removal and component decontamination operations; the technology
already exists to concentrate the radioactivity for safe disposal.
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DEVELOPMENTS IN EFFLUENT CONTROL t-OR BREEDER REPROCESSING FACILITIES*
0. 0 . Yarbro and M. B. Sears
Consolidated Fuel Reprocessing Program
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

1.

INTRODUCTION

The trend over the past decade has been toward increasingly stringent
limits on radioactive effluents from nuclear facilities. In the early
1970's the requirement that the releases of radioactive materials should
be "as low as practicable," which was later replaced by "as low as
reasonably achievable," was added to the Code of Federal Regulations,
Title 10, Part 20 (10 CFR 20). This was in addition to the limits on
exposures and off-site concentrations that have been in effect for many
years. More recently (1979) the new Title 40, Part 190 (40 CFR 190)
has imposed tight restrictions on the Light Water Reactor (LWR) fuel
cycle with new limits on the maximum exposure to a member of the general
public and new limits on the quantity of certain isotopes which may be
released.
The trend toward reducing quantity of radioactive materials which
may be released from nuclear facilities, the higher burnup and specific
power levels of fast breeder reactor fuels, and the potential economic
incentive to reduce preprocessing cooling for breeder fuels have placed
stringent demands on the effluent control systems for fast breeder fuel
reprocessing plants. As a result of these trends, a significant part
of the breeder fuel reprocessing development program over the last decade
has been devoted to the development of advanced effluent control systems.

2.

SUMMARY OF EXISTING REGULATIONS

Two documents that specifically regulate routine effluents and resulting
off-site exposures from nuclear fuel reprocessing facilities are the
10 CFR 20 and 40 CFR 190. The 10 CFR 20 includes the general requirement
that exposures be kept "as low as is reasonably achievable" and sets
exposure limits in unrestricted areas as follows:
1.

Maximum whole body radiation dose of 0.5 rem to any individual
in one calendar year;

2.

Radiation level which if an individual was continuously present
could result in a dose of 2 millirems in any one hour; and

5.

Radiation level which if an individual was continuously present
could result in a dose of 100 millirems in any seven consecutive
days.

•Research sponsored by the Nuclear Power Development Division, U.S.
Department of Energy under contract W-7405-eng-26 with Union Carbide
Corporation.
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The 10 CFR 20 also sets maximum concentrations of each significant
radioactive isotope in air and water in unrestricted areas as listed
in 10 CFR 20, Appendix B, Table II.
The 40 CFR 190 is more restrictive on permissible exposures in
unrestricted areas and, in effect, also sets maximum release fractions
of some specific isotopes from the total LWR fuel cycle. Specifically,
40 CFR 190 limits the annual dose to a maximum of 25 millirems to the
whole body, 75 millirems to the thyroid, and 25 millirems to any other
organ for any member of the public from planned discharges of radioactive
materials, excluding radon and its daughters.
Limits on the release of specific radioactive isotopes from the
entire fuel cycle are set as the maximum permissible release per gigawatt
year of elp trical energy produced and are as follows:
1.

Krypton-85

50,000 curies/gigawatt year

2.

Iodine-129

5 millicuries/gigawatt year

3.

Plutonium-239 and other
transuranics (t
1 yr)

0.5 millicuries/gigawatt year

1/2

This regulation does not specify or suggest any distribution of these
discharge limits among the various parts of the fuel cycle. From past
experience, most of the krypton-85 and iodine-129 released from the
fuel cycle have resulted from reprocessing. Small releases of plutonium
and other transuranics may occur at the various steps of the fuel cycle.
The approximate fuel cycle retention factors needed to meet the
40 CFR 190 release limits are as follows:
LMFBR
fuel cycle

1.

Krypton-85 retention factor

5

2.

Iodine-129 retention factor

200

3.

Plutonium-239 retention factor

3 x 10i0

LWR
fuel cycle
10
260
1 x 1010

The difference in the krypton-85 and iodine-129 retention factor requirements
is due primarily to higher proposed electrical efficiencies for fast
breeder reactors and slight differences in fission yields. The higher
plutonium-239 retention factor for breeder fuels results from the higher
plutonium-239 content of breeder fuels and differences in other transuranic
element concentrations. The actual retention factor required for any
facility will be determined by the types of fuels processed and the way
the total release limits are distributed across the various segments of
the fuel cycle.
To date, there are no specific release limits for tritium and
carbon-14 other than their contributions to overall exposure limits.
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3.

DEVELOPMENT OF ADVANCED EFFLUENT CONTROL TECHNOLOGY

The trend toward more restrictive effluent controls and the potential
economic incentive for reducing decay times prior to reprocessing fast
breeder reactor fuels has lead to an early decision to develop advanced
effluent control systems for breeder fuel reprocessing plants. About
a decade ago, a program was initiated to develop improved effluent
control systems for the volatile fission products iodine-129, iodine-131,
krypton-85 and hydrogen-3. A few years later carbon-14 was added to
the list. Although these volatile fission products contribute a
significant fraction of the total off-site dose from exposure to fuel
reprocessing effluents, little or no retention has been demonstrated
in the past at existing facilities. Improved confinement of other
fission products which, in general, are particulate in nature, appear
to be achievable by reasonable extrapolations of long used and proven
technology.
A good description and the status of the various effluent control
systems for each of the volatile fission products are given in "Alternatives
for Managing Wastes from Reactors and Post-Fission Operations in the
LWR Fuel Cycle," ERDA-76-43. In addition to developing improved effluent
control systems for specific fission products, concepts directed at
simplifying and improving overall effluent control have been developed
over the years. In general, the trend in recently designed facilities
has been directed toward (1) eliminating liquid effluents by evaporating
excess water to the stack after extensive purification and (2) reducing
the volume of off-gases to be treated.

3.1

Iodine Control Technology

Prior to the 1960's, iodine removal systems used at reprocessing
facilities included adsorption on charcoal, scrubbing with caustic, and
adsorption on silver-coated tower packing. Each of these systems has
performed poorly over the long term: (1) charcoal is rapidly poisoned
by trace materials normally found in reprocessing plant off-gases and
is susceptible to ignition in presence of nitrous oxides; (2) caustic
scrubbing effectively removes elemental iodine from pure air but is
ineffective for the normal mix of iodine forms normally found in actual
plant applications; and (3) the silver-coated tower packing has relatively
low active surface areas and long-term performance has been less than
expected.
Two advanced systems for iodine removal which have very high removal
efficiencies for all iodine species normally found in reprocessing
plant off-gas streams, have been developed through engineering scale
demonstration.
One system is based on iodine adsorption on a high surface area
substrate exchanged or coated with silver. Typical of this type of
system is the zeolites chemically exchanged to the silver form. Iodine
retention factors in excess of lQk have been demonstrated and should
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be maintainable for extended periods of time without bed replacement.
This type of adsorbent is fairly insensitive to most trace contaminants,
with one exception being the halide elements and sulfur compounds which
react with and consume the silver. The system has the advantage of being
relatively simple. The major disadvantage is the use of a relatively
rare and expensive resource in the form of silver. Various systems for
regeneration and recycle of silve." have been studied.
A second system uses concentrated nitric acid O 2 2 M) as the scrubbing
medium in a bubble cap tower to oxidize and remove all iodine species
from the gas streams. Iodine retention factors in excess of 10^ have
been demonstrated. Reconstitution and recycle-of the concentrated nit J.C
acid are included in the system, and the removed iodine is in the form
of a concentrated solid. The primary disadvantage of the system is
the handling of the concentrated nitric acid.

3.2

Krypton-85 Control

In the past, there has been no removal of krypton-85 from reprocessing
plant off-gases for effluent control purposes. Existing regulations
will require removal of krypton-85 in future commercial reactor fuel
reprocessing plants by factors of 5 to 10. Two systems have been
demonstrated in engineering scale equipment with capabilities of removing
krypton-85 from typical reprocessing plant off-gases by factors of
100. One system absorbs krypton in liquid nitrogen, and then concentrates
and purifies the krypton by fractional distillation. All constituents
of the off-gas, which could freeze out and cause system plugging, must
be removed by a gas pretreatment system. It may be necessary to remove
oxygen from the feed gas to prevent ozone formation and concentration
for safety reasons. The system uses technology that has been in use
for many years in commercial air liquefaction plants.
The second system is based on selective absorption of krypton in
a fluorocarbon solvent with subsequent fractionation to concentrate
the krypton. This system is relatively insensitive to the constituents
of reprocessing off-gases. Some pretreatment of the feed gases may
be desirable for economic reasons, but failure of a preveatment system
does not result in system shutdown.
Both of the krypton-removal systems can be tailored by minor
additions to remove carbon-14 as CO2 from the feed gas. In the cyrogenic
system, CO2 must be removed in the gas pretreatment system whereas
the fluorocarbon system will remove CO2 along with the krypton for
subsequent separation.

3.3

Tritium Control Technology

In the past, tritium has been released from fuel reprocessing
plants primarily in the effluent water or water vapor stream. There
are currently no regulations specifically limiting the release of
tritium except as a contributor to maximum off-site exposure limits.
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Two approaches to tritium control are being developed. One is based
on the evolution and subsequent trapping of tritium from the sheared
fuel prior to dissolution thus preventing the mixing of the tritium
with the plant water inventory. The second minimizes the volume of
excess water leaving the plant and applies some type of isotopic separation
system to remove and concentrate the tritium from the effluent water.

4.

APPLICATION OF ADVANCED EFFLUENT CONTROL SYSTEMS

The demonstration of advanced effluent control systems is a major
objective of the Hot Experimental Facility (HEF), a pilot plant currently
in conceptual design for reprocessing fuels from early demonstration
fast breeder reactors. Improved effluent control results from a combination
of reduced off-gas volumes, the use of advanced effluent control systems,
and careful attention to the elimination of bypasses around treatment
systems. A simplified effluent control system proposed for the HEF
is shown in Fig. 1 to illustrate this approach. Off-gas volumes are
kept as low as practical and contaminants are removed near their source
to minimize dilution and mixing throughout the plant off-gas systems.
The process cell is designed for very low gas inleakage, and all cell
off-gas is routed to and treated by the process vessel off-gas system.
Tritium is evolved from the fuel prior to dissolution into a small
off-gas stream and subsequently trapped. Greater than 95% of the iodine
is evolved from the dissolver solution into the dissolver off-gas system
and removed by a concentrated nitric acid scrubbing system backed by
silver zeolite sorbent beds. Krypton-85 and carbon-14 (as CO2) are also
released during the dissolution step and are removed from the dissolver
off-gas by a fluorocarbon absorption system. The dissolver off-gas is
also treated to remove ruthenium and is extensively filtered for particulate
removal.
The vessel off-gas system handles the process off-gas from the
remainder of the process and the cell off-gas. Vessel off-gas is treated
for iodine removal by a concentrated nitric acid scrubbing system backed
by a silver zeolite sorbent bed. The vessel off-gas is treated for
ruthenium removal and extensively filtered for particulate removal.
Excess water from the process operation is minimized by limiting
water input to the extent practical. Process liquid wastes are treated
to recover and purify water and acid for recycle. Excess water is to
be treated to remove tritium by isotopic separation, passed through
a ruthenium removal system, and then vaporized. The water vapor is
treated for iodine removal, filtered, and released to the stack.
This concept is intended to demonstrate the feasibility of the
various advanced effluent treatment systems and is based on the reprocessing
of fast breeder fuels decayed as little as 90 d. Off-site exposures
from routine releases are projected to be more than an order of magnitude
below current regulations. Two tritium removal systems have been included
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in an effort to demonstrate the feasibility and capability of each,
and one or the other will be used. With a less stringent set of design
objectives, some of the treatment systems illustrated here could be
eliminated. One of the objectives of the HEF concept is to determine
feasibility and provide information relative to cost/benefit for advanced
effluent control systems.
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A REVIEW OF ATMOSPHERIC RESEARCH PROJECTS
C. Ray Dickson, NOAA, ARL

In recent years there has been a marked increase in man's awareness of the
quality of his environment. At the saire time, the energy crisis has made the
need for more power-generating facilities only too apparent. To study the impact
of a proposed power-generating facility on the environment, it becomes necessary
to determine the atmospheric dispersion characteristics in the area surrounding
the facility. The common method of calculating dispersion assumes the material
is transported in the mean wind direction, at the mean wind speed, while being
dispersed by atmospheric turbulence. Under the present diffusion categorization method (NRC Regulatory Guide 1.23) the highest concentrations from a
ground-level source are calculated with a stable atmosphere and near calm winds.
In fact, the calculated concentrations approach infinity as the windspeed
approaches zero.
This first phase describes a series of 14 diffusion tests conducted under
stable conditions with light winds over flat, even terrain. This is the first
of a series in a comprehensive program to experimentally determine actual dispersion characteristics under "limiting" meteorological conditions. The second phase
of the program involves assessing diffusion parameters under the same meteorological conditions as above, but over wooded, hilly terrain. Phase three consisted of examining the effects of buildings in the flow patterns over flat terrain
with a range of windspeeds and stability conditions. The fourth phase consisted of
tracer tests performed at an actual nuclear power plant site with different
topographical features. The uniqueness of this program also involves the use of
dual tracer releases (ground and elevated), concentric 360 sampling arcs of
from 100 to 400 m in radius, and elevated as well as ground level receptors.
Phase 1 tests were conducted at the Idaho National Engineering Laboratory
(INEL), formerly the National Reactor Testing Station, in Southeastern Idaho.
The INEL is located in a broad, relatively flat plain at an elevation of about
1500 m above sea level. The climate is dry and the area has semidesert characteristics (Yanskey et al., 1966). The test criteria were a stable lapse rate
with winds less than 2 in/sec. These test conditions were most often met in the
early morning hours.
Because of wind direction variability, it was felt that a full 360°
sampling grid was necessary. Arcs were laid out at radii of 100, 200, and
400 m from the grid center. Samplers were placed at intervals of 6° on
each arc for a total of 180 ground level sampling positions. Eight towers,
spaced 20 apart on the 200-m arc, were supplied with samplers at the 2,
4, 5, 6 and 9 m levels- These provided some elevated measurements during
the tests.
The tracer, SFfi, was released at a height of 1.5 m. The 1-hr average
concentrations were determined by means of an electron capture gas chromatograph. as were all four phases in this series.
Lovelock et al., (1971) has
reported on this type of system. To provide for visual observation of the
plume, a cloud of oil fog was released simultaneously, with the assumption
that the oil fog and the SF, plumes travelled together. This appeared to
be a valid assumption.
Wind measurements were provided by lightweight cup anemometers and blvanes
at the 1,2, 4, 8, 16, 32, and 61 m levels of the 61-m tower located on the 200 m
arc. The temperature profile was also measured at the 1, 2, 4, 16, 32, and
61 m levels.
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To mathematically describe diffusion, a common approach is to assume
a Gaussian distribution of material in the plume. The equation becomes
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standard deviation of material in the y direction (m)
standard deviation of material in the z direction (m)
effective emission height (m).

In addition to the assumption of a Gaussian distribution, (1) assumes no material is removed from the plume, there is total reflection at the surface and the
mean wind is representative of the diffusing layer. By specifying the standard
deviations, the concentration of material within the plume can be described.
The work of Pasquill (1961) and Gifford (1961) has simplified the procedure
of determining standard deviations by defining atmospheric stability classes
dependent upon isolation, cloud cover, and windspeed. Standard deviations of
material along the y and z axis can be determined as functions of stability
class and distance from the source. Figures 1 and 2 are graphs from Turner
(1970) with the G curves added by extrapolation. Objective means to determine
the atmospheric stability class are in common use. Two such methods are defined in table 1 (NRC Regulatory Guide 1.23). In table 1, a 9 is the standard
deviation of the horizontal wind direction over a period of 15 min to 1 hr,
and AT/AZ is the temperature gradient. Intuitively, it would seem that OQ may
be related to a and AT/AZ to a in (1). The usual practice, however, is
to determine both a and a from only one parameter, either o Q or A T / A Z .
Using AT/AZ, for example, Implies that if diffusion is restricted in the vertical,
as in an inversion case, it should also be restricted in the horizontal. In
general, the results from the low windspeed tests indicate that under the test
criteria this is not a good assumption. Table 2 summarized the results of using
AT/AZ and OQ to determine stability categories as defined in table 1.
As may be seen from table 2, in only one case did the two methods agree on
the stability class. The stabilities determined by A T / A Z were never unstable,
while the stabilities determined byag were never stable. Seven of the tests
were conducted under type G conditions according to AT/AZ. Measurements of aa »
however, indicated three of these tests belonged in type A, three in B, and one
in D. In other words, 86% of the tests were classified as extremely stable
according to AT/AZ measurements. This seems to indicate that a split sigma
approach, where a is determined by a . and a is determined by AT/AZ, may
be desirable.
In each test the SF, was released at a rate of approximately 2 gm/min,
at a height of 1.5 m and sampled on the grid at a height of 76 m over a 1-hr
period. This arrangement was assumed to approximate a ground-le\ el source and
receptor.
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Table 1.

Stability Categories
Pasquill
Classification
Category

°6(degrees)

A
B

Extremely unstable
Moderately unstable
Slightly unstable
Neutral
Slightly stable
Moderately stable
Extremely stable

AT/AZ(°C/100 BI)

25.0
20.0
15.0
10.0

C

D

5.0
2.5
1.7

E
F
G

< -1.9
to -1.7
to -1.5
to -0.5
to 1.5
to 4.0
>4.0

-1.9
-1.7
-1.5
-.5
1.5

Tat.le 2. Comparison of Classification Methods
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In the first, the standard method, the stability class Is determined by
the average temperature gradient during the test periord as defined in table 1.
Both 0 and 0 are determined from this single stability class using the
curves from Turner (fig. 1 & 2 ) . Normalized concentrations (xU/Q) calculated
by this approach are compared to the measured results in Pasquill and Gifford.
Figures 3, 4, 7, and 8 portray the xU/Q values versus bearing in degrees from
the release point. The solid lines connect the measured values, while the
dashed lines represent the calculated values.
Using this approach, the calculated plume is consistently more narrow
with peak values higher. In some cases it is even difficult to determine
an average direction of transport over the test period. Note for example,
test 8 (fig. 3), whire material was spread in every direction; an average winj.
direction then becomes meaningless.
The second method is the split sigma approach. In this method o is
determined by the temperature gradient as in the standard method, but a is
based on a stability class determined by the standard deviation of azimuth angle
over the test period. Figure 4 contains the results for these calculations.
Significant improvement is shown over the standard method. The calculated peak
values are now much closer to the measured values and the calculated plume widths,
though generally still too narrow, are more closely approximate to the measured
plume.
The third procedure Is similar to the standard method, except that the
values of o and a are derived from Markee's curves (figs. 5 and 6) developed
at the INELy(Yanskey, et al., 1966). This is termed the standard (INEL) method.
An examle of this calculation is illustrated in fig. 7. Overall, this procedure
gives results that are quite comparable with the split sigma method. Evidently
the use of this method, which allows for plume meander, significantly improved
the standard method under the test conditions, however, Markee"s curves were
developed at the INEL and, therefore, may not be applicable in other areas.
The fourth procedure considered is the segmented plume method. A simple way
to account for plume meander Is to divide each test into small intervals and make
separate calculations for each interval. Eq. (1), again with H » 3 m and
Z = .76 m, was used to calculate the concentrations received at each sampler
position from the plume segment during 2-min intervals and the results summed
to determine the total concentration. The 2-min time interval was thought to
be short enough to describe the meandering flow patterns and yet contain enough
data points (40) to calculate reasonable means and standard deviations. The
stability class for each test was determined from the average temperature
gradient measured over the test period and a was determined from fig. 1 as
in the other models. It was desired to obtain a for the 2-oin intervals from
measurements using a relation to the form
^
0

« aaex .

(2)

The above relation has been used at INEL for 15 tain to l~hr releases with
a - .035, b = .87 (Yanskey, et al., 1966). It is assumed that the 2-nin interval mean wind directions would more closely follow the plume centerline than
mean wind directions based on 15-min to 1-hr data. Therefore, comparing concentrations from 2-min plume segments to concentrations received over periods of
15 min to 1 hr would be similar to comparing peak-to-mean concentrations (Gifford,
1960). Hilst (1957) found an average peak to mean ratio of 2.28 at a distance
of 200 m. Using this as a guide, it was felt reasonable to reduce the values of
% %
a in (2) by a factor of 2.
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Fig. 5.

Zigma z from Markee

Fig. 6.

OUSD74r

EPT

Zigma y from Markee

CLASS E

Fig. 10. Horizontal isopleths of concentration
for test 6 showing the typical 360°
spread of gaseous tracer
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The equation used to relate a

to o e for the 2 min intervals was thus

a = .017afix'87
(3)
e
y
For wlndspeeds greater than 0.8 m/sec, QQ generally averaged between 4 and 5°.
For winds less than 0.8 m/sec, O 0 values became more variable but tended to increase with decreasing windspeed. Average windspeeds less than o 2 m/sec were
likely below the instrument's threshold much of the time and therefore the values
show sharp decline for this windspeed class. To handle this difficulty in the
segmented plume model, aQ was not allowed to be less than 10 when U was less
than 0.2 m/sec. As a further precaution, any values of IT less than 0.2 m/sec.
were increased to 0.2 m/sec to avoid dividing by a value approaching zero in (1).
This model shows considerable improvement in fig. 8 over the other models.
It is apparent that the standard method, which may be the approacl most
generally in use, significantly over-predicted concentrations for the diffusion
conditions under which these tests we12 conducted. Using either a split sigma
approach or the INEL standard sigma curves significantly improved the centerline
concentration calculations. The segmented plume method was the most realistic in
both predicting centerline values, as well as the horizontal spread of the plume.
It has long been recognized that vertical diffusion is suppressed by a
stable atmosphere. The light winds that often accompany temperature inversions
are also generally assumed to restrict diffusion. Wind direction under light
winds, however, is very often unsteady. The variability of wind direction, which
has been referred to as meander, enhances horizontal diffusion. In this test
series the restricted vertical diffusion resulted in the enhanced horizontal"1
diffusion with the result that the standard method of calculating ground-level
concentrations resulted in overpredicting the measured concentrations by an
average factor of about 8.
Phase 2
The field study site was on a peninsula of the Clinch River, approximately
16 miles south of downtown Oak Ridge, Tennessee, and approximately 2 miles up
stream from the Oak Ridge Gaseous Diffusion Plant. The land is managed by the
Tennessee Valley Authority. The release point used in the diffusion study (and
the geographical center of the sampling area) was near the center of one of the
heavily forested small valleys or "hollers" that cross the peninsula. Past
meteorological monitoring of the area indicated a high incidence of near calm
winds.
The testing program consisted of controlled releases of gaseous tracers that
were sampled both on the surface and aloft at ranges to 4 km. The release point,
located at the center of the array of samplers, was near the center of the shallow
valley that cuts across the peninsula. Sulfur hexafluoride (SF6) and dibromodifluoromethane (CBr2F7. more commonly called 12B2) were released from the apex of
the sampling grid at heights of 1 m and 30.5 m. An oil fog plume was used to
make visible the path and gross characteristics of the tracer gas plumes.
The sampler inlet on each box was near 1 meter above the ground. Each test
used 176 surface samplers. Some were placed 6 deg apart in concentric circular
arcs at 100 m and 200 m from the release point. Others were placed in partial
arcs centered about the axis of the valley at a range of 400 m from the release
point. Additional surface samplers were located on the perimeter road near the
river edge of the peninsula, and along both banks of the river (fig. 9 ) .
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Aerial samples, by contrast, were taken with a Bell H-47 helicopter. The
release point and primary sampling area were bracketed by four 30-m towers,
on which were mounted wind velocity sensors at the 2- and 30-m levels.
Because the test series involved working during very low wind-speed
conditions, it was necessary to measure air flows that were below the threshold of standard cup anemometers. Accurate measurements were accomplished
by laser anemometry. The system used during the diffusion tests consisted
of two lasers and two receivers, positioned approximately orthogonal to each
other. The beam paths were approximtely 350m in length. The instrument is
capable of measuring windspeeds in the range of centimeters per second.
These instruments were found to be very effective in measuring the mean
air motion in the sampling area during the time of the tests. Their measured
speeds compared well with the observed travel rates of the oil fog plumes.
The winds during several of the test periods were below the sensing threshold
of the cup anemometers. In these instances, the laser anemometers provided
the only values of mean windspeed, u, to be used in the calculations. Indeed,
arrival at meaningful values of windspeeds in the plume-carrying layers of air
would have been almost impossible without this type of equipment.
Twelve controlled releases and sampling tests of gaseous tracer were conducted at the Clinch River site during July and August of 1974. One hour releases of gaseous tracers were made; approximately 275 gin of SF6 and 400 gm of
12B2 were released per test. During tests 1 and 2, 12B2 and SF6 tracers were
released side-by-side. For tests 1 and 2, the mean of sample bag ratios of
normalized concentration measurements of SF6 to 12B2 was 1.04.
In addition to being very low in speed, the wind during most of the tests
was highly variable in direction. Fig.10 shows typical horizontal isopleths
of concentration. Gaseous tracer was sampled by all positions on the 360°
sampling arcs. Wide horizontal dispersion occurred during most of the tests.
In most cases, the plume was confined to the lowest 100m of the atmosphere.
Below the level of the ridgetops (30m above released point) the plume was oftpn
channeled along the axis of the valley. When the plume diffused vertically
above the level of the ridgetops it was often subjected to the directional shear
of the wind aloft.
The first NRC method (AT/AZ) of assigning stability classes will be used
as a basis for comparisons made in the test. In most cases it assigned more
stable classes to the testing periods than the Pasquill-Turner method did. The
behavior of the visible oil fog plume and other plumes in the vicinity and the
apparent minimal amount of atmospheric turbulence (suggested by unresponsive
low-threshold bi-directional vanes) indicated the more stable conditions.
In all instances, the observed axial concentrations were less than
those predicted by the Pasquill-Gifford curves for the appropriate stability
classes. It should be borne in mind that the Pasquill-Gifford curves are
very useful for the conditions that they were intended to describe. The very
•low windspeed conditions examined lie beyond the expected range of applicability
of the curves.
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Figures lla through lie are plots of the normalized, near-axial data
points grouped according to stability class as categorized by AT/AZ and separated into aerial- and ground-measured samples. (The first order, leastsquares curve fit in these plots, were calculated simply to see how they compare with the Pasquill-Gifford curves and to see their trend with distance.
They are not, nor are they intended to be, any sort of predictive curve.).
The average ratios of measured values to predicted values for a and a
indicate that both the horizontal and the vertical diffusior were greater during this test series than would be predicted by Pasquill-Gifford curves for
flat terrain. The enhanced horizontal diffusion is attributable mainly for
the variability of wind direction, or meander, during low windspeed conditions,
whereas the increased vertical diffusion is due to increased vertical mixing
induced by surface roughness (in this case, a combination of vegetation and
topography). By comparison, Phase 1, showed that over flat terrain and under
low windspeed conditions, horizontal diffusion was enhanced, again because of
meander, but vertical diffusion was comparable with Pasquill-Gifford predicted
values. The occurrence of wind direction shear during these tests suggest that
these larger calculated dilutions may in part have resulted from shearing
effects as well as the low windspeed meander and topographic/vegetation
influences common to the other tests.
For all tests, the average ratio of estimated mean plume axis heights
(determined from axial concentration measurements and from crosswind integrated concentrations) is 1.21. This ratio implies that the ground concentrations are slightly closer in value to the elevated concentrations than a
Gaussian gradient would predict. It is postulated that the portion of the
elevated plume in the vegetation (estimated average tree height 20m) became
more uniformly mixed throughout the vegetative layer than would be expected
over a flat smooth surface. This greater uniformity would lead to a vertical
distribution of concentration similar to the solid curve in figure 12.
Concentration measurements and diffusion parameters were compared with
those values that would be predicted by the standard Pasquill-Gifford curves
for flat terrain. (It is understood chat the conditions examined in this case
are beyond the range of applicability of the Pasquill-Gifford criteria.) The
standard deviation of the horizontal plume spread, a , averaged 6.0 times
greater than predicted values. This large deviation^is attributable mainly
to wind meander under low windspeed conditions. The derived standard deviation
of the vertical plume spread, a , averaged 5.7 times greater than PasquillGifford predicted values. Roughness of the surface (topography and vegetation)
enhanced the vertical diffusion. The product of the a and a ratios, as
y
z
an estimate of enhanced dilution, is about 34.
After a correction for elevation of the plume centerline, the overall average dilution derived from ground level axial concentrations was about
29 times greater than would be predicted by the appropriate Pasquill-Gifford
curves for flat terrain. The amount of enhanced dilution was found to
decrease at greater downwind distances. Also, the enhanced dilution was
greater for the strongest inversions (most stable), implying that under low
windspeed conditions, the ability of the atmosphere to diffuse the gaseous
tracer does not decrease to zero as the atmosphere becomes more stable, but
instead tends to be bound by some minimum rate of dilution.
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Phase 3
A series of 22 simultaneous releases of three gaseous tracers were conducted around the EOCR test reactor building at the Idaho National Engineering
Laboratory In SE Idaho* Hourly averaged gaseous tracer concentrations were
sampled on several concentric sampling arcs and at a limited number of elevated
locations. Winds and Temperatures were measured on a nearby 30 m tower.
Sulfurhexafluoiride (SF6), dichlorodifluoromethane (F12), and dibromodifluoromethane (12B2) were used as tracers in this test series. M l three
of these gases are inert, non-toxic in the concentrations used, and are of
relatively small concentration In the free atmosphere.
To more clearly illustrate the systematic effects of the structures which
both elevate the plume and produce an initial volumetric dilution, two simultaneous visual tracer plumes were developed. One plume was released at a location
which should be influenced by turbulence and airflow streamlines which were altered by the presence of the building. The second plume was released crosswind
from the building at a distance (150 to 200 m NW) at which no building disruption
occurred. Both plume photographs and lidar scans of these plumes were made.
LIDAR observations were made by Stanford Research Institute as shown in
in figure 13. Approximate crosswind/vertical scannings of the plume were made
along several direction rays to obtain plume particle concentrations at several
different downwind distances. At present, quantitative descriptions of these
plume sections are unavailable; computer processing of these data will be completed following SRI modifications of existing equipment and computer code development. A schematic illustration of the preliminary LIDAR observations is given
in fig.14. Initially the building-affected plume is larger and elevated compared to the open-terrain plume. The open-terrain plume may disperse more
rapidly, in some cases, while the building-affected plume is relatively smaller.
Eventually, the two plumes are of comparable size at the longer distances.
Fig. 15 summarizes many of the findings regarding atmospheric diffusion near
and downwind of the EOCR structure. The character-zones - a near structure or
cavity zone, a transition zone, and a far wake zone - are identified. Relative
diffusion and concentration effects are summarized versus distance downwind of the
structure. Data from all stability categories are pooled at their common downwind distances. A distinction is made for varied heights of tracer release.
Relative differences are referenced to the expectations of Pasquill-Gifford
curves of normalized concentrations, sigma-y, and sigma-z values. Near the
structure substantial alternations of plume centerline height and/or departures
from quasi-Gaussian vertical gradients of concentration develop. Elevated releases of tracer experience downdraught effects so that their near ground-level
measured concentrations exceed expectations from a Gaussian model by factors of
200-3000. Ground-level releases of tracer are circulated aloft so that groundlevel measured concentrations are 10 to 30 times less than expected. By 800 m
downwind the stack-discharged tracer concentrations are a little larger than
predicted by the Caussian equation; ground- and roof-level tracer releases are
still smaller than expected concentrations at 800 to 1600 m.
Vertical diffusion differences ascribed to the structure develop rapidly
near the building; they rapidly diminish for all tracers to expected values
by approximately 400 m downwind. Thus, the overall effect upon vertical behavior of tracer is an initial alteration of plume center of mass and/or centerline, especially for near ground-level effluent releases. An initial vertical

59

Crosswind Distance

Crosswind Distance

Crosswind Distance

Crosswind Distance

Figure 14.

Schematic cross-section of plumes from preliminary LIDAR
observations at increasing downwind distances, m e plume
on the left is the smoke released at the EOCR building
while the plume on the right is the oil fog released away
from the building.
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Smcke released from EOCR building
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Mixing of smoke and oil fog
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dispersion throughout a zone with depth approximating the height of the structure rapidly develops. Within the transition zone vertical diffusion appears
inhibited and develops at a rate less than expected without the presence of the
structure and its wake turbulence effects. In the far wake zone vertical diffusion appears to proceed as expected over open terrain and sigma-z values are
as expected without the presence of the building. Lidar observations (unpublished measurements by SRI) of simultaneous smoke plumes support these gaseous
tracer findings.
Lateral plume spreading is observed to be larger than expected for openterrain values from Pasquill-Gifford estimates of sigma-y. This departure from
expected sigma-y value is no*- related to downwind distance. The enhanced
lateral spreading is well explained by larger-than-expected variance in horizontal wind direction. When the observed standard deviation of horizontal
wind direction is below a certain value (about 15 degrees for EOCR) an enhanced
lateral plume spreading (not explained by use of <r calculations) within the
turbulent wake becomes evident; calculated tracer sigma-y values are significantly larger (2 to A times) than predicted by o measurements (of 5 to 10
degrees). Apparently, during the course of usual wind direction meandering in
the atmosphere, minimal building induced plume broadening effect is evident for
average one-hour plume concentration distributions. Obviously, for nearly
instantaneous samplings of effluent plume, the quasi-instantaneous plume must
have initial plume broadening (easily seen from visual tracer plumes near the
structure); this initial broadening usually is small compared to the plume
broadening due to wind direction meandering. Wind tunnel modeling of structure
enhanced lateral plume spreading would not include usual wind direction meandering. These physical modeling results should contain a noticeable effect of
the structure and provide guidance on lateral plume spreading behavior fosr
relatively short (a few minutes) sampling times.
The downwind extent of structure altered sigma-z values appears to be 400 to
800 m (about 16 to 32 reference lengths, where a reference length is distance
divided by structure height (25 m ) ) . Sigma-y differences are mostly related to
the amount of wind direction meandering and appear to be independent of downwind
distance. Maximum (peak) ground-level tracer concentrations for ground-level
tracer releases are 3 to h times less than expected at 800 to 1600 m downwind
(about 32 to 64 reference lengths) when the average concentration is divided by
the average sigma-y ratio. Thus, these tracer plumes are still appearing to be
more elevated than the 1 m physical height of release (the value used to calculate the expected concentration from the Gaussian formula). Were the structure
height i-.sed for plume axis height, the average concentration for ground-level
tracer would be very similar to the average concentration for roof-level released
tracer. Concentrations for roof-level tracer release are essentially as expected
from the Gaussian formula when they are divided by the average c value. In
the same manner, ground-level concentrations of stack discharged tracer are about
ten times greater than expected from the Gaussian formula.
An Initial volumetric plume dilution, described by wind speed times a
fraction of the cross-section area of the structure, fails to account for observed tracer axial concentrations. Near-building concentrations are underestimated and far wake concentrations are significantly over-estimated. A similar
result was found in the Phase A study.
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Phase 4
A need remained to examine diffusion characteristics of the atmosphere
near the structures of a nuclear power station under a wide range of thermodynamic and hydrodynamic conditions. Therefore, in the autumn of 1975, 23
tests were conducted at the Rancho Seco Nuclear power station approximately
25 miles south of Sacramento, California.
The Rancho Seco Nuclear Power Station is set in the broad, dry, interior
valley of central California. The perimeter of the plant blends into a pattern
of low hills and subtly sloping flat valleys (fig. 16). High terrain dominates
the west portion of the outer arcs as well as the northeast through southeast
portions. A broad basin lies to the south and southwest. On the north side of
the facility beyond the high terrain, a flat valley extends north and northwest.
Moreover, the site is dominated by large hyperbolic cooling towers rising 146 m
abovp plant grade. These topographic and structural features had important influences on measured concentration data.
The presence of building structures produces change in atmospheric pressure
and velocity fields. These aerodynamic distortions are loosely termed "building wake." The portion of the building wake immediately downwind of a structure
is termed the "cavity." For a more complete discussion of the aerodynamics of
flow around a structure, the reader may refer to standard references (e.g.,
Halitsky, 1968).
The sampling program at the Rancho Seco site was designed to (1) study
atmospheric diffusion under a variety of thermal lapse rates and wind conditions,
and (2) evaluate the effects of flow around buildings upon dilution of pollutants.
Pollutant concentrations were measured at several distances of up to 800 m downwind, as well as adjacent to the buildings. Figure 16 is a plot plan of the
Rancho Seco study site. The sampling grid for this test series consisted of
four circular arcs centered on the reactor containment vessel with radii of
100, 200, 400, and 800 m. Sampler positions were spaced every six degrees.
Five towers, each 46 m in height, were erected in the northeast grid quadrant to sample vertical concentration profiles through the plume. Their positions are shown on fig. 16. Tower number two also served as the meteorological
tower. Each tower had a sampler at its base; samplers were also spaced vertically every 10 m on the towers and were raised or lowered by a rope and pulley
system, making them easily serviceable.
During the measurements, th<3 tracers were released and allowed to be
advected to the outermost arc before the samplers were activated. The tracer
release then continued for one hour before the sampling was terminated.
Meteorological data for the test series came from instrumentation mounted
on tower two. Sensors were located at heights of 4 m, 16 m, and 46 m. A thermocouple mounted in a motor-aspirated temperature shield provided temperature data
for each level. Horizontal wind velocities were obtained from cup anemometers
fitted with tricup stainless steel cup assemblies. Horizontal and vertical wind
angles were derived using bivanes. In addition, two lasers were used to measure
spa^e-averaged wind velocity at 3 m above the ground. The lasers operated over
a 300 m path length with one pointing in a north-south direction, the other in
an east-west direction. These lasers provided backup instrumentation, in case
winds were below the anemometer threshold speeds.
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Figure. 16.

Plotplan of Rancho Seco study site, indicating sampler,
tower, and laser locations.
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The ratios of measured to expected Pasquill-Gifford sigma-y values include
effects from both horizontal wind direction fluctuations and the initial buildingproduced spreading in the immediate lee of the structure. The separation of
these two effects from one another was not achieved. The horizontal wind direction fluctuations during this test series were so large that the lateral spreading
effects caused by the structures were nearly obscured. Lateral plume spreading
(estimated from standard deviations of bivane horizontal wind direction fluctuations) were compared with the observed standard deviations of lateral tracer
spreading (sigma-y). The wind direction fluctuations well accounted for the
observed lateral tracer spreadings. For 52 comparisons of ground-level tracer
releases nearly two thirds of the variance in observed sigtna-y values was explainable by use of the wind fluctuation statistics. The correlation coefficient
was 0.82, and the F-value statistic was 104.3.
The overall interpretation of ground-level concentrations (i.e.,crosswind
integrated concentrations and a
values) are probably not severely distorted
even when the observations are influenced by the cooling tower wakes. Because
the horizontal wind meandering was relatively large, wake dilutions and spreadings
were of lesser impact during these experiments than during more customary conditions (those conditions with meandering amounts usually associated with the
Pasquill-Gifford sigma-y categories).
For ground-level releases, gaseous tracers were laterally dispersed about
six times more than the expected amounts from Pasquill-Gifford curves of a •
Nearly two-thirds of the variance of o values was directly related to the
observed variance of the horizontal wind direction (mostly meandering). The
effective o values were 16 times greater than the corresponding values from
the Pasquill-Gifford curves of o • The measured ground-level axial concentrations were about 75 times smaller than predicted by the Gaussian diffusion
equation for a ground-level release when Pasquill-Gifford values of a and
a were used. The ratios of sigma-y to Pasquill-Gifford sigmas were somewhat
larger for tracer releases near the ground than for elevated tracer releases.
Sigma-z ratios and concentrations ratios increased as the tracer height of release increased, since smaller concentrations were sampled at ground-levels for
the more elevated plume centerlines.
Beyond 100 to 200 m downwind, the Gaussian diffusion equation with cA
added to the denominator failed to account for the observed tracer dilutions
downwind of the building complex.
X U/Q

= l/ir(ffyoz + cA) C = 1/2, A - Area.

Rancho Seco cross sectional area is 1025 m . The systematic growth of
differences between observed and calculated concentrations at greater distances suggest that the use of the add-on cA term is functionally incorrect.
Systematic building wake cavity circulations distributed surface released
tracers and oil fog vertically throughout the zone in the lee of the containment
and auxiliary buildings. The result of this vertical flux of material is the
vertical redistributing of material so that the center of plume mass occurred at
a height different than expected for the actual heights of release. Ground-level
released tracers were significantly elevated whereas structure top releases were
slightly lowered since a small fraction of the plume was influenced by the
building wake and cavity.
Tower data were examined, and their qualitative information supported the
observations of plumes often being layered in the vertical and elevated well
above their ground-level heights of release.
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URANIUM ENRICHMENT AND THE ENVIRONMENT

J. F. Wing
U. S. Department of Energy
Oak Ridge Operations Office
1.

INTRODUCTION

I In- t h r e e g a s e o u s diffusion p l a n t s c o m p r i s e one of the l a r g e s t
iri'hi',1 r i a l complexes in the free w o r l d . Since a l l of t h e e n r i c h m e n t
i<. HOMO i n s i d e a v e r y l a r g e p l u m b i n g m a z e , t h e c o n t r o l of r a d i o a c t i v i t y does not p r e s e n t a s e r i o u s p r o b l e m .
Conventional, non•-yoiii e n g i n e e r i n g a n d a d m i n i s t r a t i v e m e a s u r e s a d e q u a t e l y c o n t r o l
i f f niirK-r levels of r a d i o a c t i v i t y a s s o c i a t e d with s u p p o r t a c t i v i t i e s
••'ii h *.s e q u i p m e n t d e c o n t a m i n a t i o n a n d m a i n t e n a n c e .
Mi" t!'\Mmeni a n d c o n t r o l of chemical waste s t r e a m s to comply with
Ir(ler;i) iind State r e g u l a t i o n s h a s r e q u i r e d the commitment of
•'./" millii'M d o l l a r s s i n c e 1974. T h r o u g h 1982, a n a d d i t i o n a l 84 m i l lion d o l l a r s may be r e q u i r e d .
The h i g h cost is net a r e f l e c t i o n of
i n i t i a l l y poor c o n d i t i o n s b u t is r a t h e r t h e r e s u l t of p r o v i d i n g
l,i n v t r e a t m e n t s y s t e m s to meet v e r y low d i s c h a r g e l i m i t s .
!• s a m p l e s t h a t will be d i s c u s s e d i n c l u d e a i r b o r n e p a r t i c u l a t e r e i!i,-\-al. t e e i r c u l a t i n g cooling w a t e r t r e a t m e n t , a n d h a z a r d o u s w a s t e
J i ip'V.a I c o n c e p t s .
2.

THE DIFFUSION PLANTS

i he i"talc Pidge Gaseous Diffusion P l a n t ( F i g u r e 1), tne f i r s t to be
l u i ' H , c o n s i s t s of five m a s s i v e p r o c e s s b u i l d i n g s p l u s a b o u t
.0 a u x i l i a r y b u i l d i n g s , s p r e a d over a p p r o x i m a t e l y 600 a c r e s . P l a n t
c o n s t r u c t i o n b e g a n in September, 1943, a n d the f i r s t u n i t s for p r o •lu'iiH. 1 u r a n i u m 235 b e g a n o p e r a t i n g in F e b r u a r y , 1945. The p l a n t
is l o o t e d in e a s t e r n T e n n e s s e e , 13 miles west of t h e town of Oak
Pidge.
The i'aduc.ih Gaseous Diffusion P l a n t ( F i g u r e 2 ) , the second to be
I ' u i l t , is g e n e r a l l y s i m i l a r to i t s s i s t e r Oak Ridge f a c i l i t y .
•. oji^t r u c t i o n b e g a n in e a r l y 1951 a n d was completed in 1954.
The
p l a n t is l o c a t e d 16 miles west of P a d u c a h , K e n t u c k y , n e a r the
*.'hio Kivcr a c r o s s from t h e s o u t h e r n t i p of I l l i n o i s .

Figure 1
Oak Ridge Gaseous Diffusion

Plant

00

Figure 2
Paducah Gaseous Diffusion

Plani
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The Portsmouth Gaseous Diffusion Plant (Figure 3), the newest of
the three, is located about 20 miles north of Portsmouth in south
central Ohio. Construction began in mid-1952 and was completed in
early 1956.
3.

THE DIFFUSION PROCESS

The feed material for the diffusion process is uranium hexafluoride. At ambient temperature and pressure, the compound is a
solid which minimizes storage, shipping, and handling requirements. Prior to being fed into the diffusion process, the compound
is heated through its liquid phase into its gaseous phase. The
basic enrichment process relies on the fact that the uranium-235
hexafluoride molecule is slightly lighter and smaller than the more
abundant uranium-238 hexafluoride molecule. The gaseous compound
is pumped through a series of many porous barriers where, at
each step, the gas passing through is just ever so slightly more
enriched in the isotope uranium-235 than at the previous step.
Natural or normal uranium is 0.711% uranium 235. The final
product of the gaseous diffusion process is enriched uranium 235
which is used in national defense or to fuel nuclear reactors. "Top
product" is enriched to over 97 percent uranium 235. Under the
current mode of integrated three-plant operation, the Paducah
Plant enriches uranium to over 1 percent uranium 235 for use as
a feed to the other two plants. The Oak Ridge Gaseous Diffusion
Plant's present production is uranium enriched up to 4 percent
uranium 235, and Portsmouth is enriching uranium to a top product
of over 97 percent uranium 235.

4.

BYPRODUCTS

In order to maintain the desired operating temperature of the diffusion process, very large recirculating cooling water systems are
required. These vary in size up to 400 million gallons of recirculating water per day. This water requires the addition of certain
chemicals to reduce the corrosion rate within the cooling water
system. To aid in the release of heat from the water, very large
cooling towers are utilized. This promotes evaporative loss, which
like boiling water in a pan on the sto^e, increases the concentration of minerals present in the softened intake water. These increased concentrations can be tolerated by the system only up to a
certain point, at which time water must be withdrawn to keep the
total cooling water system within tolerance. The water withdrawn
is called "blowdown" and contains the water-soluble corrosion inhibitors as well as the increased concentrations of the minerals —
mainly sulphates, calcium, magnesium, and chlorides. The blowdown, which amounts to approximately one million gallons per day,
must be treated to meet discharge permit limitations. These treatment systems will be described later.

Figure 3
Portsmouth Gaseous Diffusion Plant
X-611 Water Plant in Foreground
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Several of the support facilities require process steam and most of
the buildings require comfort h e a t i n g . Both needs are satisfied by
coal-fired steam plants at all three s i t e s . The Oak Ridge and
Paducah Plants both have oil-fired boilers as an a l t e r n a t i v e source
of process steam. Fly-ash and sulphur dioxide emissions are
expected by-products of operating coal-fired steam p l a n t s .
Several types of waste are generated d a i l y . Sev/age or s a n i t a r y
waste; t r a s h such as cafeteria waste, office t r a s h , empty nonreusable shipping containers, etc; chemical waste — in l i q u i d ,
solid and gaseous forms; and so-called "hazardous" waste. Although the latter class is still being defined, it a p p e a r s to
present the most costly in terms of d i s p o s a l . An example of the
l a t t e r category is plating waste which includes cyanide compounds.
Although some radioactive waste is generated, it is minor in comparison to the categories previously mentioned. For example, at
the Oak Ridge Gaseous Diffusion Plant, the sewage volume is
approximately 600,000 gallons per day and the t r a s h generation
rate is over 5 tons per d a y . Since it is not yet certain what will
be included in the definition of "hazardous" waste, no reliable
estimate can be made of the expected volume in that category;
however, the generation rate of solid low level radioactive waste
is so small that the b u r i a l area at the Oak Ridge Gaseous
Diffusion Plant occupies approximately one-tenth of an acre and
'he p l a n t has been operating for 35 y e a r s . Gaseous diffusion
plants are not significant generators of radioactive waste.
5.
A.

WASTE TREATMENT

Recirculating Cooling Water Blowdown
As early as 1967, this was identified as an effluent which
would require treatment. The i n i t i a l problem was to reduce
th chromium content to meet s t a n d a r d s applicable in t h a t
period. Preliminary investigations indicated that an ion
exchange system would be satisfactory and i n i t i a l design
work was s t a r t e d . However, this was occurring in an era of
changing s t a n d a r d s and the list of contaminants to be concerned about was "growing like Topsy." Since the ion
exchange approach is specific for a single contaminant and
the blowdown stream contained zinc and phosphates as well
as chromium, it became a p p a r e n t another solution must be
found. By 1971 — four years l a t e r — the decision was made
to use a reduction-precipitation process a t Portsmouth and
Paducah a n d , because of raw water quality differences, use
a resoftening-recycling system at Oak Ridge followed by a
relatively small "polishing" treatment system. Since the
Federal budget cycle requires three years between the time
of the request foe funds and the year in which the funds
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are received, it was not until 1974 that construction could
begin. The $7.5 million dollar project was completed in
1976. Figure 4 shows the blowdown treatment facility at
Paducah. Figure 5 shows the faciliiy at Portsmouth. These
two systems precipitate the contaminants and the sludge is
stored in lagoons. Since virtually all of the chromium used
in the United States is imported and has a limited supply,
consideration is being given to reclaiming the chromium from
the sludge. Although the economics for reclamation are not
right yet, it is probably only a matter of time until they
will be. Figures 6 and 7 show the Oak Ridge systems. Since
the raw water quality available in Oak Ridge is so much
better than that at the other two diffusion plants, it is
possible to simply resoften and recycle the blowdown. This
approach involves the use of a flocculating agent to settle
out enough of the unwanted minerals and allow the softened
water, as well as the water-soluble corrosion inhibitors, to
be returned to the recirculating cooling water system.
B.

Steam Plant Emission Controls
As mentioned previously, the three diffusion plants were
built several years apart utilizing state-of-the-art concepts
prevalent at those different times. In 1943, the steam plant
serving the Oak Ridge Gaseous Diffusion Plant was built
with no air cleaning equipment. Consider the conditions
at the time — the U. S. was at war and the concern at
that moment in history was to produce a product which could
shorten the war. Consider, also, that at that time to see
smoke billowing from stacks was a sign of progress. In
the early and mid-50's when the Paducah and Portsmouth
Plants were built, the state-of-the-art was to install mechanical collectors to trap fly-ash. With the advent of more
stringent air pollution control regulations, alternative emission controls needed to be considered.
The first problem arose with the Paducah steam plant in
the very late 60's. It had aged to a point where tiie probability of major and costly system replacements was becoming
very real. After careful study, the decision was made to
convert the steam plant to a gas-fired facility which
was accomplished about 1971. Then came the natural gas
shortage as well as more strict emission limits. The decision
was made in 1974 to initiate a project to convert the
Paducah steam plant back to coal-firing and provide the
necessary coal handling and air cleaning equipment. The
project also included providing similar facilities for the
Portsmouth and and Oak Ridge steam plants. The funds were
included in the Agency's 1976 appropriations and the project

Paducah Gaseous Diffusion Plant
C-616 Chromale Treatment Facility;
NPDES Point 003

^ , U t h G a s e o u s Diffusion Plant
Chromate Treatment Facility
NPDES Point 00/,

Figure 7
Oak Ridge Gaseous Diffusion Plant
Andco Electrolytic Reduction Chromate
Treatment Facility (600 gpm)
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— about $12 million dollars for the three diffusion plants —
was completed in September, 1979. "he results are shown in
Figures 8, 9, and 10 — Paducah, Portsmouth, and
Oak Ridge.

C.

Hazardous Waste Disposal
Although the regulations for hazardous waste disposal are
not yet final, preliminary efforts are underway to locate
appropriate sites at the three diffusion plants and/or to
design an engineered disposal/storage facility that will
meet these latest requirements. A geological survey of the
50-square mile Oak Ridge Reservation to identify one or
more candidate sites for a hazardous waste landfill is
expected to cost $300,000 - $400,000. The cost to develop the
detailed geologic-h/drologic data necessary to apply for a
State permit is expected to cost another $200,000. After comparing the regulatory requirements with what is already
known about lthe geology/hydrology of the Reservation,
partially above or completely above ground designs are
being studied. One concept involves solidifying "hazardous"
waste in concrete boxes and essentially building the Great
Pyramid of Cheops. Although this latter concept may initially seem incredible, think about the potential benefits —
1.

The waste is in a physical condition that is most unavailable for leaching into groundwater.

2.

The containers are readily available for simple and
inexpensive inspection.

3.

A site, perhaps 70 acres, has not been dedicated
forever to contain the waste.

4.

The very high cost of surface and subsurface water
monitoring and reporting, in perpetuity, is totally
avoided.

5.

The waste, solidified in concrete, is easily available
for relocation to another site — such as a geologic
repository — should that eventually be required.

6.

The high cost of gathering the data for a permit application is avoided.
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Paducah Gaseous Diffusion Plant
C-6CV Steam Plant High Efficiency
"Hot^ide" Electrostatic Precipitators

Figure 9
Portsmouth Gaseous Diffusion Plant
X-600 Steam Plant; Medium Efficiency
"Coldside" Electrostatic Precipitators

or

Figure 10
Oak Ridge Gaseous Diffusion Plant
K-1501 Steam Plant; High Efficiency
"Coldside" Electrostatic Precipitators
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The eventual selection of a disposal plan for "hazardous"
waste will depend upon the final technical definition of
those materials. At this time, some definitions include "cooling tower sludge" which is mainly mud but with a few parts
per million or so of sodium pentachlorophenol included in
those tons of mud. Some justify this material being included
in this classification because it is a "phenol" which is
listed as an unwanted contaminate in drinking water since
phenol affects the taste of the water. In order to give an
idea of how the definition of "hazardous" waste has changed
it only recently dropped "fly-ash" and "sewage sludge."
The implications, nationally, of including such materials
in the "hazardous waste" category was staggering.
Although this presentation cannot possibly include every
environmental protection activity associated with the three
diffusion plants, a few scattered glimpses of some of the
other environmental facilities can be provided. Figure 11 is
a typical sewage treatment plant — Figure 12 is a typical
air sampling station — Figure 13 shows a typical holding
pond and Figure U shows the effluent monitoring station for
that pond. Figure 15 shows a neutralization pit that treats
acidic and basic effluents. Figure 16 shows a typical water
treatment plant and associated sludge settling basins.
Figure 17 shows diking typical of that provided for bulkstored chemicals.
6.

THE RESIDUE

It has been said: "There is no such thing as a 'free lunch" 1 .
Not only is that true, but it is also true that, despite the fact
there have been $47 million dollars worth of pollution control facilities constructed at the three diffusion plants since 1974, it costs
money to operate and maintain these facilities. Currently, at the
Oak Ridge Gaseous Diffusion Plant, this cost is approximately
$2 million annually and is growing. Recently, at the Paducah
Plant, consideration was being given to installing a scrubber to
meet Commonwealth standards to control the emission of gaseous
fluorides.
The construction cost was estimated at $2 million with
an annual operating cost of $250,000. At this writing, it appears
the Commonwealth will approve an alternate Department of Energy
proposal that will have a construction cost of, perhaps, $250,000
and only a very minor operating cost. Occasionally, a cheaper
solution can be found but this is becoming more rare as time goes

CO

Figure II
J 1 ^ 6 Gaseous Diffusion Plant
1203 Sewage Treatment Plant:
NPDES Point 005

Figure 12
Oak Ridge Gaseous Diffusion Plant
Typical Air Monitoring Station

Figure 13
9 , / r t 5 8 e °aseous Diffusion Plant
K-U07-B Holding Pond; NPDES
Point 010

a>

Figure 14
Oak Ridge Gaseous Diffusion Plant
K-U07-B Holding Pond and Monitoring Station; NPDES Point 010

F

Figure 15
Oak Ridge Gaseous Diffusion Plant
K-14O7-A Neutralization Pit

,", '"f.

Figure 16
Paducah Gaseous Diffusion Plant
C-611 Water Treatment Plant

Figure 17
Portsmouth Gaseous Diffusion Plant
Typical Fuel Oil Tank Diking

89

on. Through 1982, an additional $84 million dollars may be required to keep your three gaseous diffusion plants in shape to
meet the ever-changing requirements of your environmental protection organizations.
As a well-known fast-food company says, "We do it all for you!"
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THE DOE PROGRAM FOR CONTROL OF RADIOACTIVITY
RELEASES TO THE ENVIRONMENT
G. Welty, L. Joe Deal, C. R. Toussaint, K. R. Baker
C. M. Campbell
Operational and Environmental Safety Division, DOE

1.

INTRODUCTION

Consistent with national environmental goals, it is the objective
of the Department of Energy (DOE) to conduct its operations in
conformance with applicable standards and requirements, and to protect the environment and public health. To accomplish this objective, it has been necessary for DOE to establish a comprehensive
program for the control of radioactivity releases to the environment, including the promulgation of policy, standards and program
requirements. Perhaps the most vital elements of the program requirements are those that define required monitoring, exposure
assessment and reporting. It is through these requirements that
the effectiveness of the control program can be assessed and
failures and successes defined.
Some background on the nature and magnitude of the DOE nuclear
operations provides a perspective for discussing the Department's
program for control of radioactivity releases. Nuclear programs of
broadly varying scope and complexity involving basic and applied
research, and production and manufacturing activities are conducted
at DOE installations, including 28 major installations, located
throughout the United States. The 28 major installations are identified in Table 1 and their locations are shown on Figure 1. The
range of operations include uranium enrichment and conversion, nuclear
fuel production, research and production reactor operation, irradiated fuel and target processing, nuclear weapons development and
testing, and high energy physics research. The DOE nuclear installations have an estimated replacement value of 45 billion dollars and
employ about 110 thousand people. The installations are operated for
DOE by universities and industrial firms under contract to DOE. Not
only is there wide diversity in the activities conducted at these
installations but also in the types and quantities of radionuclides
released and the characteristics of the surrounding environment.
Therefore, the nature of the provisions for control and monitoring
of radioactivity releases differs widely from one installation to
another.
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TABLE 1. DEPARTMENT OF ENERGY CONTRACTOR SITES BY FIELD OFFICE
AND LOCATION

MAP

ABBREVIATION

LOCATION

SYMBOL' 8 '

Los Alamos Scientific Laboratory
Hound Laboratory
Pantex Plant
Pinellas Plar.t
Rocky Flats Plant
Sandia Laboratories

Los Alamos, NH
Miamisburg, OH
Amariilo, TX
St. Petersburg, FL
Golden, CO
Albuquerque, NM

I
2

Ames Laboratory
Argonne National Laboratory
Battelle Columbus Laboratories
Brookhaven National Laboratory
Fermi National Accelerator Laboratory

Ames, IA
Argonne, IL
Columbus, OH
Upton, NY
Batavia, IL

7
8
9
10
11

Idaho National Engineering Laboratory

Idaho Falls, ID

12

Bettis Atomic Power
Knolls Atomic Power
Knolls Atomic Power
Knolls Atomic Power
Shippingport Atomic

West Miff!in, PA
Schenectady, NY
West Hilton, NY
Windsor, CT
Shippingport, PA

13
14
15
16

Nevada Test Site

Mercury, NV

18

Feed Materials Production Center
Oak Ridge Facilities
Paducah Gaseous Diffusion Plant
Portsmouth Gaseous Diffusion Plant

Fernald, OH
Oak Ridge, TN
Paducah, KY
Piketon, OH

20
21
22

Hanford Site

Richland, WA

23

Atomics International
Lawrence Berkeley Laboratory
Lawrence Livermore Laboratory
Stanford Linear Accelerator Center

Canoga Park, CA
Berkeley, CA
Livermore, CA
Stanford, CA

27

Savannah River Plant

Aiken, SC

28

CONTRACTOR SITE

Albuquerque Office
LASL

HLH
PANX
PIN

RFP
SAND

3
4
5
6

Chicaqo Office
AMES

ANL
BCL
BNL
NAL
Idaho Office
INEL
Naval Reactors Division

BET
KAPL-1 (Knolls)
KAPL-2 (Kesse)ring)
KAPL-3 (Windsor)
SHIP

Laboratory
Laboratory
Laboratory
Laboratory
Power Station

17

Nevada Office

NTS
Oak Ridge Office
FMPC

OR
PAD
POR

19

Richland Office
HANF
San Francisco Office

AI
LBL
LLL
SLAC

24
25
26

Savannah River Office

SRP
(a)

These numbers show site locations on Figure 1 , map of the United States.

10
^PHILADELPHIA
WASHINGTON D. C.

VO

FIGURE 1. DOE Contractor Sites and Major Cities in
the Continental U.S.
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The radioactivity control and monitoring activities at DOE installations are conducted by the operating contractor in accordance with
general requirements set forth in DOE management directives. The
purpose of the directives is to assure that radioactivity releases,
environmental contamination, and public exposure ars maintained
within applicable standards and as low as reasonably achievable
(ALARA).
The DOE program for assuring the effective control of radioactivity
releases from DOE-owned installations has distinct staff and line
responsibilities. The Assistant Secretary for Environment (EV) has
staff responsibility for promulgating standards and overviewing compliance. Line program managers are responsible for implementation of
the policy and standards. The implementation is accomplished through
three primary program elements, (1) monitoring and reporting, (2)
impact assessment, and (3) overview and confirmation.
2. POLICY AND STANDARDS
It is DOE policy, as stated in DOE Interim Management Directive (IMD)
5001, Safety, Health, and Environmental Protection (some directives
have not yet been issued as DOE orders), to assume that DOE-controlled
operations are conducted in a manner that will minimize undue risks
to the safety and health of the public and employees and that will
provide adequate protection of property and the environment. This
policy is implemented through the application of DOE radiation
standards and the ALARA principle which are set forth in DOE IMD
5001/ERDAM 0524 "Standards for Radiation Protection." The standards
are adopted from Federal Radiation Council guidance and are consistent
with the Nuclear Regulatory Commission's 10 CFR Part 20, Standards for
Protection Against Radiation. They apply to population doses rather
than to levels of radioactivity in effluents or environmental media.
The basic environmental dose criteria are:
Annual Dose Equivalent or
Dose Commitment in rem
Maximum Exposed
Individual

Suitable Sample
of Population*

Whole body, gonads
or bone marrow

0.5

0.17

Other organs

1.5

0.5

*As defined in FRC Report No. 1.
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These, of course, are the upper limits of permissible exposure. DOE
policy requires further control of effluents and resultant exposure
to ALARA levels, as set forth in DOE IMO 5001/ERDAM 0524. The ALARA
concept is highly subjective and difficult to implement. However,
DOE and its operating contractors have developed monitoring practices
and management techniques that are effective in reducing radioactivity discharges to ALARA.
The basic policy and standards are supported by additional departmental
directives and guides that further facilitate their implementation.
These Include directives and guidance covering prevention, control and
abatement of pollution, general facility design criteria, radioactive
waste management, design criteria for processing facilities, and reduction of radiation exposure to as low as reasonably achievable.
In the past, DOE and its predecessor agencies have promulgated their
own radiation standards pursuant to the authority of the Atomic Energy
Act and according to the guidance of national and international bodies
and fully ronsistent with FRC guides. This will not continue to be
the case in regard to effluents subject to the 1977 amendments to the
Clean Air Act (CAA) in which Congress set the stage for EPA and state
regulatory control over all radioactive matarials discharged to the
atmosphere and the 1974 Safe Drinking Water Act (SDWA) relative to
underground injection practices. On December 27, 1979, EPA pursuant to
Section 122 of the CAA announced that radionuclldes are hazardous
polluting substances and thereby subject to control under Section 112
of the CAA. EPA has yet to specify regulatory strategy and standards
for radioactivity releases to the atmosphere. EPA pursuant to Section
112 of the CAA has 180 days from December 29 to propose such regulations.
Therefore, it is not presently possible to determine the impact of the
anticipated regulations. It is anticipated that because radiation is
carcinogenic, radionuclides will be subject to EPA's air carcinogen
policy, currently in proposed form.
The underground injection control provisions of the SPWA will be applicable to the few DOE installations that inject low level radioactivity
into the ground. EPA regulations on ground injection were published
in proposed form on June 20, 1979. The regulation as proposed would
establish five classes of ground injection wells. Radioactivity could
fall within Class I which would permit discharge of hazardous materials
below useful aquifers or Class IV which would, within three years of
promulgation, prohibit the discharge of materials into or above usable
aquifers. The states are encouraged by the SDWA to assume the authority
for regulating underground injectior and are permitted to establish
more restrictive injection standards than those promulgated by EPA.
The EPA final technical criteria and standards for underground injection
control are under preparation.
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3.

PROGRAM ELEMENTS

DOE has established three primary program elements to assure the implementation of its poJicy and standards. These consist of requirements
for monitoring and reporting, impact assessment, and overview. The
operating contractors are required to perform the monitoring and reporting, and assess impacts. DOE line organizations are required to
overview the activities of their operating contractors and are in turn
overviewed by "The Operational and Environmental Safety Division OES)."
a.

Monitoring and Reporting
Effluent and environmental monitoring and reporting are required
at all DOE nuclear facilities. These requirements have to some
degree been in effect since the inception of atomic energy research and development in the Manhattan Project. The present
requirements are much refined
id are prescribed in DOE TMD
5001/EEDAM 0513, "Effluent and Environmental Monitoring ant
Reporting." These programs have been described in three previous
papers presented at international symposia (1) (2) (3).
Effluent monitoring is required to verify that the facility is
functioning as designed and that the waste treatment and effluent
control systems are performing as planned and expected. Effluent
data are developed by each installation usually on a daily or
weekly frequency ai.d evaluated for irregularities and trends.
On an annual basis, effluents to the offsite environment and
discharges to onsite retention facilities (ponds, cribs, trenches,
tanks, etc.) are required to be reported to central computer
based management information systems. These are the Effluent
Information System (EIS) and the Onsite Discharge Information
System (ODIS), developed in 1971, Through these systems, it is
possible for DOE management to identify effluent control problem
areas and observe year to year trends in effluent levels. The
trend data facilitate the detection of gradual changes in processing activities, effectiveness of waste treatment systems
and errors or oversights in monitoring and data handling. Figure
2 provides an example of the EIS graphic printout capability
showing atmospheric releases of tritium to the offsite environment from the DOE Mound Laboratory from 1971 through 1978. The
dramatic reductions in effluent releases are due to the application of state-of-the-art control technology. The graphic printout capabilities of EIS and ODIS systema are highly flexible.
Data can be graphed by release point, facility, site, DOE office,
DOE wide, nuclide(js), air and/or water releases and specified
time period,
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Environmental radiological monitoring, including preoperational
monitoring as appropriate, with emphasis on pathways of human
exposure must be conducted by all DOE nuclear sites pursuant to
DOE IMD 5001/ERDAM 0513. Since 1960, sites have been required
to publish routine environmental monitoring reports, evaluating
environmental radioactivity concentrations and potential exposure. In 1977, DOE issued a comprehensive environmental
monitoring guide (4) to assist the installations in performing
the required environmental monitoring. Although data on pathways
(air, water and food) of human exposure are emphasized, other
environmental media such as soil and sediment are monitored to
detect long-term radioactivity buildup. Environmental monitoring
serves as a backup to the effluent monitoring system and is
the most reliable indicator of environmental impact. The
site environmental monitoring reports are widely distributed to
public institutions, the press and to Federal, state and local
agencies, btarting with calendar year 1977, an annual executive
summary of site environmental monitoring reports is being developed. The 1977 summary is nearing publication and the 1978
summary is in preparation. The executive summaries will serve
to inform DOE management and the public of the overall performance of DOE nuclear installations in controlling radioactivity releases and consequent exposure to the public.
New and rather sophisticated methods of monitoring and displaying
results have been introduced into the DOE program. These include the Aerial Measuring System CAMS) and the Graphic Overview System (GOS). The AMS uses sensitive detectors and data
processing equipment aboard fixed wing craft and helicopters.
The system can detect as little as 0.1 uCi/M2 of Cobalt-60 for
example, and is useful in detecting the presence and level of
contamination. Figure 3 shows the results of a 1974 aerial
survey for man-made gamma emitting radionuclides on the DOE
Savannah River Plant Site. The GOS is used to display environmental monitoring, topographic, meteorological and other information in a unified system for purposes of routine overview and
base information in case of major accidental release. Figure 4
shows the graphic display of type and location of environmental
monitoring stations at the DOE Oak Ridge Tennessee site. This is
done using transparent overlays and includes overlays (not shown)
indicating monitoring results.
Monitoring and reporting programs have demonstrated their value
in the Department's program for controlling radioactivity releases. Often monitoring results have been a primary force in
bringing about improvements in control technology. At the Mound
Laboratory, effluent monitoring permitted operators to identify
points of weakness in process and control equipment and to
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measure the effectiveness of new and modified equipment in
the reduction of tritium releases to the atmosphere. Figure
2, previously referenced, demonstrates the overall results.
At the Lawrence Livermore Laboratory, it was air monitoring
results that indicated need for improved controls on plutoniutn
emissions in a liquid waste solar evaporation process, leading
to introduction of a new evaporative process to eliminate the
emissions.
bi

Impact Assessment
Beginning in 1971, DOE nuclear installations have been required
pursuant to DOS IMD 5001/ERDAM 0513 to annually assess radiation
exposure to ofisite populations. Assessments include estimation
of fence post exposure rate, exposure to the maximum potentially
exposed individual(s), and the man-cetn population dose to a
radius of 80 km. All significant exposure pathways must be
considered. The preferred approach to assessing dose is the
direct extrapolation from pathway monitoring data to intake
and/or exposure. In those instances in which pathway data are
not available, dose calculation based on diffusion/dispersion
and uptake modeling using effluent source terms is the method
of choice.
Results of the public exposure assessments are required to be
incorporated into the annual environmental monitoring reports.
Methods of assessing exposure must be described in the report.

c.

Overview and Confirmation
The DOE like its predecessors, assures that environment, health
and safety policy and requirements are adequately implemented
through an overview process. Overview is accomplished by (1)
routine contacts, (2) environmental information reporting
systems, and (3) environmental protection program audits and
appraisals. The overview is carried out at each operating
level and by OES/EV as an independent party, and is formally
structured in-so-far as the appraisal program is concerned.
The appraisal program is set forth in DOE Order 5482,1 Environmental, Safety, and Health Appraisal Program, The program
consists of internal audits by the first operating level,
confirmatory functional and management appraisals by a second
line organizational leval, and independent overview by OES/EV
through functional and management appraisals.
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4.

Operational Experience

Three areas of experience are discussed and data are presented
to Indicate the overall success of DOE and its predecessor agencies
in controlling radioactivity releases to the environment.
a.

Effluent Releases
In 1970, as part of the continuing effort toward improved
management and control of radioactivity, an agency wide Radioactive Effluent Reduction Program was instituted. Radioactive
releases at that time were already well below levels permitted
by applicable Federal Radiation Council guides and DOE standards.
The effluent reduction program was designed to reduce the quantity
of radioactivity released in each effluent stream, regardless
of concentration, to the lowest practicable levels based on
technical feasibility and economics. The program was conducted
in two phases, with the first phase beginning in FY 1971 and
using available funds. The second phase was initiated in FY 1972
using funds specifically appropriated for controls. Since over
99 percent of the radioactive releases consisted of noble gases
and tritium, the greatest amount of attention was given to these
radionuclides. Then, as now, the noble gases and tritium were
derived primarily from DOE special nuclear materials production
activities. In fact, ten DOE production and research installations release 99,9 percent of the total argon, krypton and
tritium released from all DOE installations. Six of those same
installations release 91.7 percent of the total release of these
radionuclides.
It is estimated that starting in FY 1971, the Department provided
between 12 and 25 million dollars per year in funds to upgrade
radioactivity emission controls at its facilities, for an estimated total of over $500 million in the period of 1971 through
198.0. It is not possible to accurately estimate the control
costs due to mixed funding for other purposes, including health,
safety and security.
It was in relation to this effluent reduction program that the
effluent information systems (EIS/ODIS) were developed. Figure 5
shows the total radioactivity released to air and water offsite
(EIS data) from all DOE installations from 1971 through 1978.
Although it appears that a generally decreasing trend has
occurred in total offsite releases in this perfod adjustments
have not been made for variations in operational activities
which can distort trends attributed to ALARA efforts. Figure 6,
which shows the gross releases from the Los Alamos Scientific
Laboratory is presented to show che impact of increasing nuclear
activities on gross effluents. The largest increases in effluents
in the years 1977 and 78 consisted of increased releases at the Hanford
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site and the release of short-lived nuclides produced in the
recently operational Los Alamos Meson Physics Facility. These
added releases were sufficient to offset reductions at the
Savannah River Plant and cause a slight upturn in 1978 in the
overall releases from DOE installations as evidenced in Figure 5.
The DOE effluent reduction activities are evidenced in plutonium
releases from all DOE plutonium installations from 1971 through
1978 as shown in Figure 7. In the early 1970s, plutonium gaseous
effluent filtration systems were extensively upgraded at
all major DOE plutonium installations resulting in the substantial
reductions in plutonium discharges evident in Figure 7.
The radionuclides that contribute the major portion of the population dose in the vicinity of DOE facilities are 4]-Ar, 85jtr> an< j
^H. Figures 8, 9 and 10 provide a graphic indication of quantities of these radionuclides released and their generally downward
trend in the period 1971 through 1978.
b.

Levels of Radioactivity in Environmental Media
The DOE site environmental monitoring reports provide an annual
record of the levels of site derived radioactivity in environmental media, including air, water, vegetation, food crops,
animal and aquatic life, soil, silt, and farm products. The
data are used for three primary purposes. First, levels of
radioactivity in air and water are indicators of the effectiveness of control measures and backup to effluent monitoring results. Secondly, it is possible to calculate public exposure
to radioactivity if the concentrations in environmental media,
particularly air, water, and food stuffs, are known. Dose to
the public in the vicinity of DOE installations is discussed
below. Thirdly, the levels of radioactivity in certain media,
such as soil and silt will indicate the movement, accumulation,
and behavior of radionuclides in the environment. Figure 11
illustrates the results of extensive soil sampling in the
vicinity of the DOE Rocky Flats Plant to define the concentration and distribution of Plutonium-239 that leaked from drums
of contaminated waste oil and was spread by saltation to offsite
areas. The plutonium deposition contours were drawn by computer
from numerous depth-profile soil samples. It was then possible
to calculate the total amount (3 to 5 curies) of plutonium within
the offsite contours. Soil samples are collected each year to detect any significant changes in the distribution of plutonium
in the soils. Figure 12 shows the distribution of Plutonium-238
in soil in the vicinity of the DOE Mound Laboratory as the result of emissions in past operations. These and other offsite
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areas in the vicinity of DOE installations having measurable
levels, of radioactivity in soil or silt or other media became
contaminated as the results of unplanned releases or practices
no longer deemed consistent with ALARA. Public exposures as
the result of these environmental contamination conditions are
generally only a small percentage ( < 1 % ) of the applicable
exposure limit for members of the public and are incorporated
into population exposure calculations discussed below.
c.

Public Exposures in the Vicinity of DOE Installations
The most meaningful indicator of the effectiveness of control
of radioactivity releases is the resultant exposure, to members
of the public. Three types of public dose estimates are required to be made at each installation. These are the postulated
site boundary dose rate (Fence-line dose rate), the dose to the
Maximum Individual, and the whole body dose for the entire
population within 80 km radius (Population Dose), For the
purpose of this discussion the fence-line dose rate is not
presented since it does not represent true human dose, but
macimum hypothetical dose, However, in those instances in
wh: ch Maximum Individual dose is not calculated, the fence-line
maximum dose—rate is substituted,
Dose to the Maximum Individual is meaningful in evaluating
radiological impact of an installation on a personal basis,
since it is intended to represent the best estimate of the
maximum dose to which individual members of the population are
exposed. Table 2 presents Maximum Individual doses reported
in 1978 for each of the DOE nuclear sites. The maximum whole
body dose calculated for any individual member of the public was
43 mrem, 8,6 percent of the relevant standard for individuals
living in the vicinity of the Portsmouth Gaseous Diffusion
Plant. The calculated dose includes the estimated dose due to
an unplanned release of uFg. The calculated maximum whole body
dose at most DO1^ sites Is less than one percent of the permissible
standard of 500 mrem par year.
The 80 km Population Dose is the most useful indicator of
radiological impact on the public since it is representative
of the cumulative radiological risk to which the public is
subjected in the vicinity of a DOE nuclear installation.
Table 3 provides Population Dose values for 1978 for each of
the 28 DOE nuclear sites, the comparable dose from natural
sources and the size of the 80 km population. The cumulative
population dose inclusive of all 28 DOE sites was 505 man-rem
in 1978.
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TABLE 2.

Whole Body Radiation Dose Commitments to
Maximum Individuals in the Environment at DOE
Contractor Installations from 1978 Releases

Site

LASL

MLM

Dose Commitment
(mrem)

Comments

3.8
2.1
< .01
< .01

One year commitment

PIN

RFP

<.O2

At the site boundary

SAND

< .01

At the site boundary

AMES

.43
2.9

At the site boundary

1.5

One year commitment

PANX

ANL
BCL
BNL

3.0
11

NAL

INEL

.1

KAPL <c>

BET

< .11
< .1

SHIP

<.5

NTS

<.01

FMPC

At the site boundary

3.0

OR
PAD

14

POR

43

< .01

HANF

.08

AI
L3L
LLL
SLAC

7.3
.81
6.6

SRP

1.0

One year conanitment
Includes a UFc unplai
release

Dose not provided
At the site boundary

At the site boundary

The KAPL entries are for three installations--Knolls,
Kesselring, and Windsor.
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TABLE 3.

(a)

Populationv ' Whole Body Dose Commitments at DOE
Contractor Installations from 1978 Releases of Radioactivity

Site
LASL
MLM
PANX
PIN
RFP
SAND

Doses from Site
Releases, Man-Rem
11
68
<.01
.40
« 5.7
.038

AMES
ANL
BCL
BNL
NAL

72
180
<.01
1.0
4,6

INEL

.5

BET
KAPL
SHIP

< .17
<.3
<1.0

NTS

.36

FMPC
OR
PAD
POR

3.6
5.6
.15
,04

HANF

<1,7

AI
LBL
LLL
SLAC

8.4
13
4.6
3.1

SRP

120

TOTAL

505

Population doses are calculated for the entire population
within an 80 km radius (100 km for NTS) of the site
center. For several metropolitan areas, population
size can only be approximated.
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The cumulative Population Dose for all 28 sites is shown in
Table 4 for the years 1975 through 1978. The increase in
cumulative dose from 1973 to 1976 is believed to be due
to changes in dose modeling methods rather than to actual
increases in exposure. The increase from 1976 to 1977 is
largely due to a conservative estimate of population dose
in 1977 at the Rocky Flats Plant. The substantial decrease
in dose from 1977 to 1978 is due in part to the change in
the Rocky Flats dose calculation and in part to the shut
down of the Ames Research reactor which in 1977 resulted in
an estimated 240 man-rem dose due primarily to Argon-41. It
is interesting to note that although releases of those
radionuclides that contribute most significantly to population dose have generally been decreasing since 1971, the
estimates of population dose have tended to increase, probably
due to more conservative methods of calculating dose.
5.

SUMMARY

The DOE program for control of radioactivity releases to the environment utilizes environmental monitoring, impact assessment and overview to assure that radioactivity releases are as low as reasonably
achievable, A special effort was initiated in 1970 to improve the
management and control of radioactivity releases from DOE installations. As a result, there has been a general downward trend in
overall radioactivity releases from DOE installations since that
time in spite of an increase in operations at some installations.
Assessments of population exposure from all pathways indicate that
at all DOE installations, the maximum individual exposure offsite
is less than 10% of the 500 mrem annual limit and at most installations is less than 1% of the limit. The 80 km radius population
whole body dose commitments in the vicinity of individual DOE
installations ranged up to 180 man-rem in 1978 and totaled 505
man-rem for all DOE operations that year.
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1973-1978
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Man-Rem
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1974
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1975
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1976
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1977
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1978
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Total population dose from natural
sources in 1978 (man-rem)
6,906,000
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DECONTAMINATION OF TRANSURANICALLY CONTAMINATED METALLIC WASTE
W. S. Bennett
Rockwell International
Golden, CO
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U.S. Department of Energy
Albuquerque Operations Office
Albuquerque, NM
ABSTRACT
Decontamination of metallic TRU wastes to the point where they can be managed
as low level wastes is technically feasible and economically desirable. In
the past, decontamination technology has concentrated on surface washes which
are seldom sufficient to classify the cashed object as low level waste. Recent
development which concentrate on removing the outer metal surface layers
produce far more effective decontamination. Facilities presently under
design are incorporating several of these newer processes. These advanced
processes are in various stages of development, ranging from laboratory
feasibility to full scale demonstrations. Five new decontamination
facilities are being designed and will utilize the decontamination technology
reviewed here.

1.

INTRODUCTION

Nuclear operations of the Department of Energy (DOE) generate a variety of
radioactive wastes. One type consists of materials and equipment contaminated with transuranic radionuclides and is commonly termed TRU waste. These
isotopes are primarily alpha emitters with very long half lives. This type
of radioactive contamination requires the isolation of the materials from the
biosphere, when the contamination level from the TRU exceeds 10 nanoCuries
(nCi) of alpha activity/gm waste. When the contamination level is below
10 nCi/gm, the wastes are managed as low level waste (LLW) and are disposed
of principally by shallow land burial.* Since 1970 the DOE has segregated
the TRU wastes and placed them into interim, retrievable storage pending
availability of a permanent repository.**
The current inventory of metallic TRU waste is given in Table 1, along with
projections for waste quantities through the Year 2000. The approximate
breakdown by metal type is also shown in the table. DOE continues to fund
development of methods of decontaminating the metal wastes to the point
where they can be managed as low level wastes, or released for reuse. Subsequent sections of this paper will discuss the incentives for applying decontamination techniques, make a comparative assessment between methods available, and comment on plans to implement metal decontamination technology.
*The 10 nCi/gm limit is derived from the upper range of concentrations of
radium-226 in the earth and is subject to modification.
**Prior to 1970, all transuranically contaminated material was treated as
low level waste and was disposed by shallow land burial.
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TABLE 1 - METAL WASTE INVENTORY DATA
Existing Metal Wastes
In Interim Storage

19, 350 m 3

Projected Generation of
Metal Wastes
1980 - 2000

35,050 m 3

Approximate Composition
By Metal Type:
Stainless Steel
Mild Steel
Lead
Copper
Others

* 5%
«> 2%
-v 2%
^ 1%

The DOE has recently assigned major portions of the nuclear waste effort to
field organizations. The responsibility for development of technology for
TRU waste management now resides with the Albuquerque Operations Office, and
with Rockwell International, Rocky Flats Plant as lead support contractor.
Most of the decontamination technology reported on in this paper is being
developed under this program, the Transuranic Waste Management Program.
Many contractors at DOE sites across the country are contributing to this
effort. Specific TRU program tasks, work locations, and contracting organizations are given in Table 2. Although this paper covers only decontamination
of TRU radionuclides, many of the processes also apply to removal of other
species, such as radium and uranium.
TABLE 2 - TRU PROGRAM DECONTAMINATION TASKS
Process
Electropolishing
Vibratory Finishing
Slag Melting
Permanganate-Oxalic
Acid Wash
Cerium-Nitric Acid
Dissolution

Pacific Northwest Laboratory
Pacific Northwest Laboratory
Oak Ridge National Laboratory
Savannah River Laboratory
Hanford Engineering Development
Laboratory

Location
Hanford, WA
Hanford, WA
Oak Ridge, TN
Aiken, SC
Hanford, WA

2. INCENTIVES FOR DECONTAMINATION
The operations required to manage TRU and LLW wastes are quite different.
These operations are shown schematically in Figure 1. Also shown are the
most recent cost estimates for each step as calculated by the TRU Program
Office. These costs include facility construction plus operation and
maintenance while the facilities are active. The costs are approximate as
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most of the facilities are in early design and not yet sited.
Metallic TRU wastes can follow three separate paths:*
Path 1 - Wastes are placed into interim storage, and when facilities
are available, they are processed and emplaced in a geologic
repository - Cost = $9870/m3
Path 2 - Wastes are placed into interim storage, later retrieved,
sorted with the metals being decontaminated and managed as
LLW - Cost - $4770/m3
Path 3 - Wastes are decontaminated immediately after generation and
managed as LLW - Cost = $1200/m3
The cost differences between each path are dramatically different. Figure 2
summarizes the total savings that could be realized by following paths 2 or
3 as a function of the percentage of wastes decontaminated for the existing
stored waste plus the wastes expected between 1980 and 2000. Not all the
waste can be decontaminated due to equipment sizes, and shapes, inability to
section for size reduction, and impurities that cannot be removed, such as
wire insulation. It is estimated that at least 70% of the metals could be
decontaminated. Cost savings potentials are summarized below at the 70% level.
Decontaminate Existing Stored Wastes

- $ 80M

Decontaminate New Wastes Preceded By
Storage

- $140M

Decontaminate New Wastes As Generated - $215M
In addition to the potential cost savings, other benefits can result from
decontamination. The major TRU waste storage sites and most of the generating
sites have LLW burial grounds. TRU wastes that are decontaminated and managed
on site as LLW will not have to be transported to a repository location,
reducing the total number of off-site shipments. A large portion of the TRU
elements removed from contaminated materials can be recovered, reducing the
repository radionuclide inventory. The 70-year dose commitment to the
population from transportation and repository operations has been calculated
as less than 1 x 10~3 man-rem/yr to the general population.^ ' This is a
quite low exposure risk, but implementing decontamination could further
reduce the dose commitment.
In addition to these economic and environmental benefits, repository criteria
are likely to dictate that surface contaminated metals be completely
immobilized or encapsulated. Such operations will be difficult to perform
on metal objects and decontamination will likely be a preferred method of
management.

*If equipment can be decontaminated and placed back into service, the authors
do not classify it as waste. Thus, reuse is not a management path.
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3. DECONTAMINATION PROCESSES FOR METALLIC TRU WASTES
The available processes for decontamination of these materials can be based
on three distinctly different principles of operation:
TYPE A - Processes which remove the TRU elements but leave the surface
unchanged.
TYPE B - Processes which remove thin layers of the base metal from the
surface carrying the contamination with them.
TYPE C - Processes which melt the entire metal component and entrap the
radionuclides in the surface slags.
Selected process are compared in Table 3, followed by schematic diagram of
the more significant ones.
Type A processes generally consist of treatment with solutions or spray which
wash the surfaces with water, solvents, detergent solutions or mild aqueous
chemical solutions. The contamination is removed by dissolving surface oil
films, paints, and very low strength chemical films. These are the processes
which have been traditionally used in manual cleanup operations. The emphasis
has been to remove equipment from a building or get a facility into operation
after a contamination incident. The processes are generally labor intensive,
often difficult to contain, and usually the least effective. They are low
cost, easiest to operate, and in some cases are the most cost effective. One
process, the permanganate-oxalic acid wash is somewhat of an exception in that
it has been shown to decontaminate gloveboxes to less than 10 nCi/gm(2). it
has been used only as a manual operation. It will likely prove very useful
in decontamination operations where a sophisticated facility cannot be
constructed.
Type B processes utilize a variety of techniques to remove the outer surface
layers: electroetching, electropolishing, chemical dissolution, and abrasion.
These processes are generally highly effective in removing the transuranics
and Iiave the potential for recovery of much of the active material. Most of
the processes recycle the solutions used in the treatment, keeping secondary
waste volumes small. The operations are complex, often requiring high quality
instrumentation and well-trained operating personnel. In many applications,
the effectiveness of the decontamination outweighs the added complexity, and
these techniques are being designed into several planned facilities. These
processes represent the state-of-the-art in TRU decontamination.

The etching techniques, chemical and electrochemical, are the least effective
of the Type B processes, although generally the easiest to use. Etching can
achieve quite high surface removal rates but in doing so produces a rough
surface which is easily recontaminated and does not rinse clean. Acid etching
has been used in decommissioning operations, but has seldom cleaned material
to the point where it can be classified as low level waste.
A unique chemical dissolution process has recently been studied which has the
potential to be quite useful in decontamination operations.(3) The process
is shown schematically in Figure 3. A nitric acid solution containing Ce+4

TABLE 3 - COMPARISON OF TRU DECONTAMINATION PROCESSES

Process

Activity
Levels After Secondary
Type
Processing
Waste
of
nCi/gm
Volumes Operation

Recovery
of
Degree
Cost
of
Transuranlc
of
isassembty Materials Processing Pretreatnents

Status

Contents

Type A - Solution Washes
I

Detergent Waslips

>10

High

Manual

Low

Difficult

Medium

None

Available

>10
>10

High

Hanual

Medium

None

Available

Same as above

Manual

Low
Low

Difficult

High

Difficult

Medium

None

Available

Sam* a? above

1-5

High

Manual

Low

Difficult

Medium

None

Available

Effective manual process Good pretreatment

High

Moderate

High

Low

Moderate

Low

Moderate

II

Steam Clean inp,

III

High Pressure Liquid

IV

Pernanganate-Oxnllc
Acid

Techniques comtonly used non
high exposure potential, low
effectiveness

Type B - Surface Removal
I

Electropolislifng
Background

Lou

In-Situ

1-10

Low

Barrel

Background

Low

Automatic

High

II

Electoetcliing

1

Low

Automatic

High

III

Chemical Etching

IV

Certum-Nitric Acid

V

Vibratory Finishing

1

VI

High Pressure Abrasive

1-10

1-10

Very Low

Automatic

a.

Immersion

b.
c.

•x.10
Background

High

Automatic
Seal-Auto

Manual

Low-Med

Easy

Very effective, relatively
complex

Degrease
Remove Paint

Pilot

Potentially very useful In
decommissioning

Hedlum

Degrease
Remove Paint

Laboratory

Primarily for small, loose
pieces

High

Degrease
Remove Paint

Laboratory

Less effective than electropolishing, limited nuclear
experience

Low

Degrease

Available

See comments for Type A

High

None

Laboratory

Promising but much engineering development needed

Easy

Medium

Section

Pilot

Effective, easy to use

Moderate

Medium

None

Pilot

Limited effectiveness, needs
additional development

Mediue

None

Laboratory

Promising but much engineering development needed

Moderate

Low

Automatic

Low

Automatic

High

Medium

Manual to
Automatic

Medium

Difficult

High

Demo In Process
Degrease
Remove Paint

Easy

Type C - Helt Processes
I

Helt Refining

Low
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ion is reacted with the contaminated material. The Ce + 4 ion oxidizes the
metal, dissolving it into the acid. The Ce + 4 is reduced to C e + 3 in this
reaction. The Ce+3 is then electrolytically oxidized back to the + * state
allowing the dissolution to proceed rapidly and continuously. The resulting
metal surfaces are very smooth and are easily rinsed clean in subsequent
steps. Work to date has been confined to laboratory scale development, but
the process has been effective in reducing contamination to background
levels. The process has the additional advantage that the resulting nitric
acid solutions are compatible with most recovery operations allowing the
transuranic elements to be recovered with relative ease. Much engineering
development will be required before the process can be placed into production
operations.
In decontamination by electropolishing, the outer surface of the object is
removed by anodic dissolution. The surface contamination is released and
picked up by the electrolyte. The surface is polished during this operation
and is easily rinsed free of residual contaminated solution. This process is
in an advanced state of development. Small production scale demonstrations
have shown that the 10 nCi/gm level is easily reached and in most cases
materials can be cleaned to background levels.(4) Several variations of the
basic process exist for specialized applications. Immersion electropolishing,
Figure 4, is the most common. Items to be cleaned are immersed in a tank of
electrolyte, electrical connections made, and the item is polished free of
contamination. In-situ electropolishing allows items to be cleaned in place
by use of a portable electrolytic cell as shown in Figure 5.(5) Decontamination is less complete, but the portability of the technique is sometimes very
useful. The other variant, barrel electropolishing, is principally for processing small pieces by using a rotating cell. This eliminates the necessity
for separate electrical contacts on each piece. A diagram is shown in Figure
6. Considerable effort has been expended on development of ancillary
processes such as pretreatment, cutting techniques to minimize TRU entrapment
in ;uts, and solution processing. Several electrolytes have been utilized.
One or more of these electrolytes are compatible with most of the recovery
operations at DOE sites, allowing a major portion of the transuranics to be
recovered.(4»«)
Another set of Type B decontamination processes exist which remove material
from the metal surfaces. These processes impact the surfaces with abrasive
particles suspended in liquid. The abraded material and contamination are
then removed from the suspension liquid. The process receiving the most
attention is vibratory finishing. Rapidly vibrating abrasive media impact
the surface and remove the contamination. A wide variety of metals and some
plastics and rubbers have been decontaminated well below the 10 nCi/gm
level.(5,7) This process is simple to operate and requires less instrumentation and operator skill than required by the electropolishing processes. A
diagram of the process is shown in Figure 7. The contamination is washed
from the vibration chamber and collected as a sludge for recovery or
immobilization.
An abrasive spray system is diagramed in Figure 8. The object to be cleaned
is placed in the containment chamber and cleaned by a high pressure spray
containing the abrasive media. This process has been less effective than
vibratory finishing, but may not require as much size reduction. Additional
engineering development is necessary before actual use.
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A special class of metallic TRU waste results from reprocessing of spent
LWR reactor fuel. The fuel pin hardware left after dissolution of the fuel,
commonly called hulls, contains up to 0.5 wt % of the fuel as insoluble
residues. The residual fuel is tightly bound to a zirconium oxide layer on
the hulls. A process., has been developed to remove the oxide layer by
reacting the hulls with HF at 600°C, followed by an aqueous strip.(8) The
HF loosens the oxide layer and allows it and the residual fuel to be stripped
from the base metal. The hulls still contain >10 nCi/gm of TRU due to
actination of the uranium and thorium impurities in Che base metal. The
actination products could then be removed by slag melting, although that
final step has not been demonstrated. With the current ban on reprocessing,
further work on this process has been stopped. The process is a specific
one for hulls and is not suited for the bulk of metallic TRU waste.
Type C processes are based on the high affinity that actinide oxides have
for silicate slags. When contaminated metals are melted in the presence
of these slags, the actinide oxides will separate to the slag fraction with
partitioning coefficients in the range of l O ^ . W xhis is sufficient separation to allow most TRU metal wastes to be decontaminated to the low level
category in a single melc. Thus, this process produces a LLW metal ingot and
a slag material containing the bulk of the transuranics. The slag fraction
is likely a suitable waste form for repository acceptance or, if necessary,
easily incorporated into a suitable form. Figure 9 shows a schematic of
the process.(10) The slag volume is ^10% of the metal ingot volume producing
a large reduction in waste volume going to a repository. The metal ingot is
a near minimum volume configuration compared to the original melted shapes,
reducing the low level waste volume. Certification of the ingots as being
below 10 nCi/gm is straight forward because of the relatively uniform composition of the ingots.
Work to date has been confined to laboratory scale experiments. Further
process development is needed on the effects of organic and metallic
impurities as well as a scale up to pilot size. The process is not effective
on aluminum due to the high free energy of formation of aluminum oxide
causing it to be taken up into the slag fraction. W-1) The process is likely
ineffective on other highly reactive metals.
4. DECONTAMINATION FACILITY PLANS
There are currently five new facilities planned for DOE nuclear sites which
will utilize the technologies reviewed in this paper. These facilities are
all design phase projects so that process selection is tentative. The
schedules and capabilities of each facility is summarized in Table 4.
As can be seen from the facilities table, electropolishing and vibratory
finishing are the principal processes planned for early implementation. The
very successful decontamination shown in the R&D work on these processes has
encouraged rapid implementation. This statement is especially true with
regard to vibratory finishing. The bulk of the studies on this process have
been done in the last six months. The longer term facilities in the table
have made no process selection or only tentative selection at this time.
The development work to date has allowed the sites to plan on decontamination
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of much of their metallic TRU and they will draw on this technology to
assist in making those selections. Each DOE TRU waste generating site is
taking all practical steps to reduce the quantities of TRU waste being
generated and these facilities will contribute significantly to that
reduction.

TABLE 4 - CURRENT DOE DECONTAMINATION FACILITY PLANS

Decontamination
Processes Planned

Location

Facilit" Name

Schedule

Rocky Flats
Plant

Advanced Size Reduction
Facility

1983

Electropolishing, Vibratory Finishing

Savannah
River Plant

Alpha Disassembly and
Decontamination Facility

1985

Permanganate-Oxalic Acid,
Vibratory Finishing,
Abrasive Spray

LASL

Solid Waste Treatment
Facility

1986

No Process Selection Yet,
Intend to Decon Below
10 nCi/gm

INEL

Transuranic Waste
Treatment Facility

1989

Small Metal Items Oxidized
and Incorporated into
Basalt-Like Slag, Large
Decon Using Electropolishing and Vibratory Finishing

Hanford
Site

Solid Waste Processing
and Packaging Facility

5.

1988
(Tent)

Intend to Decon Below
10 nCi/gm No Process
Selection Yet
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AERIAL RADIATION SURVEYS
By
Joel Jobst,
EG&G
1.

INTRODUCTION

The Aerial Measuring Systems (AMS) program has been developed by the U.S. Department of Energy and its predecessors, the U.S.
Atomic Energy Commission and the U.S. Energy Research and Development Administration. It has been maintained and operated since
I960 by EG&G. The program and its facilities in Las Vegas, Nevada, and Washington, D.C., are known as the DOE Remote Sensing
Laboratory (RSL). 1 ' 2
The RSL provides both routine and emergency systems and
procedures for measuring the impact of environmental changes.
At its inception the Laboratory concentrated on the measurement
and evaluation of nuclear radiation exclusively. But need and
applications have expanded dramatically; the Laboratory has developed a broad remote-sensing capability available to federal
and state agencies. The RSL has a wide range of remote-sensing
instruments and a variety of aerial platforms serving both routine and accident response functions. The Laboratory has a
staff of 110 full-time personnel, seven aircraft, data-acquisition systems, and analysis hardware and software. The main
operational base is in Las Vegas, Nevada; a smaller staff supports a second facility at Andrews Air Force Base in Washington,
D.C.
As part of the Interagency Radiological Assistance Plan,
Laboratory assets made a key contribution at the Three Mile
Island accident. Its personnel are members of the Nuclear
Emergency Search Team, which identified and recovered fragments of the Russian nuclear satellite from their impact zone
in the Northwest Territories of Canada.
2.

SURVEY EQUIPMENT

RSL sensor systems include large-volume gamma scintillator arrays, neutron detectors, meteorological sensors, largeformat aerial mapping cameras, multispectral aerial cameras, a
multi-channel scanner (ultraviolet, visible, and infrared ,-adiation), including dedicated computers for data processing ind a
sophisticated multimode communication system. These systems
provide hydrological, geological, ecological, and radiological
baseline data on sites of interest to DOE. Aircraft supporting
these missions include three fixed-wing aircraft and four helicopters .
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3.

RADIATION SURVEYS

The majority of the RSL aerial survey missions are dedicated to nuclear radiation measurements, for which the Laboratory
relies primarily on large arrays of sodium iodide crystals to detect gamma rays. For small area surveys two detector pods are
attached to the sides of a helicopter. Each contains ten 12.7cm diameter by 5-1-cm thick sodium iodide (thallium-activated)
crystals. The gamma counts are summed; count rates, gamma spectral data, aircraft position information, clock time, live time,
radar altitude, and meteorological data are recorded on magnetic
tape for subsequent analysis. Several real-time displays keep
the two-man crew abreast of survey progress.
] ixed reference points are established at each survey site
by positioning two microwave transp. -riders outside the survey
boundaries. The master unJt, in the helicopter, alternately
interrogates the slaves and calculates aircraft position to
better than ± 3 m. These data are recorded once each second.
An on-board computer, linked to the microwave ranging system,
drives a steering indicator in the cockpit. By "flying the
needle" the pilot can fly straight programmed survey lines with
great accuracy. This, of course, assures complete coverage of
the site and provides maximum assurance that even weak radioactive sources will be detected.
Since the gamma ray signal from a point source decreases
as the square of the source-detector distance, the helicopter
pilot also monitors radar altitude carefully. Radar altimeter
readings, accurate to ± 0.6 m, are also recorded every second.
During processing, count rate variations can be corrected for
altitude changes.
h.

DATA PROCESSING

All data from radiological and meteorological sensors, as
well as time position information, are automatically recorded
by an airborne system called REDAR: Radiation and Environmental Data Acquisition and Recording System. REDAR is a lightweight, multi-microprocessor system, developed at the RSL especially for helicopter surveys. It is highly interactive,
permitting simultaneous spectral display and data acquisition.
Spectra can be added, and background can be subtracted. Its
great flexibility permits the rpal-time analysis required for
emergency aerial search activity.
REDAR records on 9-track, IBM-compatible tape. Detailed
processing is begun as soon as the helicopter lands, in a mobile
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processing laboratory called REDAC: Radiation and Environmental
"\ta Analyzer and Computer. The interior of the mobile computer
is shown in Figure 1. The REDAC system was also developed by
the RSL. As shown in the schematic (Figure 2 ) , it consists primarily of a NOVA 81*0 computer with a 32,000-word core memory and
an additional 1.2 x 106-word disc memory. Accessories include two
data tape drives, two plotters, a cathode-ray tube (CRT) display,
and a hard copier.
Many software routines are available. Gamma spectral windows,
wide or narrow, can be selected from any portion of the spectrum
between 50 keV and 3 MeV. Weighted combinations of such windows
can be summed or subtracted; by proper combinations of such windows,
it is possible to extract photopeak count rates for radioisotopes
deposited on the terrain by human activity. These count rates are
converted to isotope concentrations or exposure rates and plotted
as a function of aircraft position. The resulting isopleth contour map is superimposed on a recent color photograph or topographical map of the site.
5-

APPLICATIONS OF NUCLEAR SURVEYS

In the past six months some of the resources and techniques
developed by the Remote Sensing Laboratory have been dedicated
to a special task of the DOE Environmental Control Technology
Division, viz., assessing the environmental impact of a selected
group of uranium mines and mills. Approximately 25 sites, identified in the Uranium Mill Tailings Control Act, will be the
subject of aerial gamma radiation surveys. Eight of these sites
have already been surveyed by the RSL. The purpose of these
surveys is to determine: 1) if tailings have been displaced from
the original tailing piles by natural or human diversions and
2) how intense the concentration of such diversions may be. In
many cases communities have emerged immediately adjacent to mill
and tailing sites; in some, high density populations have completely surrounded them.
Many of the sites in the present program are no longer actively operated or maintained. Wind, rain, and stream drainage
have measurably diverted considerable amounts of tailing materials.
In addition, the uniform size, texture, and moisture content of
tailings makes them quite desirable for land-fill and construction
purposes. At many sites vast quantities of tailings have been
used by commercial, industrial, and private interests. Their use
has been openly tolerated or explicitly permitted. Most users
are blissfully unaware that even after complete mill processing
the tailings generally retain about 85 percent of the original
total radioactivity in the uranium ore. The principal environmental radiological impact and associated health effects are attributed to thorium-230, radium-226, radori-222, and radon-222 progency

Figure 1.

An Interior View of the REDAC Van.

135

PAPER TAPE
READER

PAPER TAPE
PUNCH

300 CHAR/SEC

60 CHAR/SEC

INCREMENTAL
PLOTTER
30-IN. 200 INC/SEC

DEVICE
SELECTOR

MAGNETIC TAPE
800 BPI 9 TRACK

NOVA 840
COMPUTER
DIGITAL CASSEnE

32K WORD 16 BIT

2 TRANSPORT

INCREMENTAL
BLOTTER
10-IN, 300 INC/SEC

MOVING HEAD
DISC
1.2 MILLION WORD

CRT TERMINAL
ALPHANUMERIC
AND GRAPHIC
INPUT/OUTPUT

Figure 2: Schematic Diagram Of The
REDAC System.

136

in the tailings. All of these are derived from natural sources, but
their normal concentrations in tailings are several orders of magnitude greater than typically exist in the earth's crust.
During the remainder of my presentation I shall concentrate on
results from the first of these tailing surveys: the Vitro site in
Salt Lake City. Vitro is a 3l6-hectare tract 6.5 kilometers southwest of the central business district of Salt Lake. Uranium ore was
processed there from 1951 to 196U; 1.7 million dry tons of ore, with
an average grade 0.32 percent U_0g, yielded ^,78? tons of U~Og in
concentrate. From 19-65 to 1968 the mill produced vanadium; it was
dismantled in 1970. Tailings surrounding the mill site are largely
uncovered and subject to wind and water erosion. Until the Spring
of 1975 the site was only partially fenced; it is still accessible
to the public.
On 23-27 October, 1979, the RSL conducted an aerial radiation
survey of a 100 square kilometer site surrounding the Vitro plant.
Survey boundaries were determined by close collaboration between
the RSL, the Lalt Lake City-County Health Department, and the Utah
State Division of Health. The 3l6-hectare tailings site is presently unimproved, except for a 137-meter stack, a water tower,
and a railroad spur remaining from the Vitro mill. The land contains approximately 2.3 million tons of tailings, not including
contaminated subsoil. Industrial, commercial, and residential
development have virtually surrounded this tract. City-County and
State radiological safety officers were well aware that some
surrounding buildings were built on tailings and that considerable
quantities of tailings had been used for landfill and construction
purposes near the Vitro plant. The extent of such uses was not
fully known until the aerial survey.
The survey plan for Vitro is now typical for EOT surveys.
The survey altitude was 1*6 m, the line spacing 76 m. Lines were
flown in a Boeing BO-105 helicopter, shown in Figure 3, in an eastwest survey direction. Microwave transponders on hills west and
south of Vitro provided the pilot with the navigation data for
straight-line flights. Lines were generally within ± 15 meters
of the programmed track.
Gamma radiation data were recorded on magnetic tape during
2-hour flights. Twenty 12.7-cm diameter by 5.1-cm high sodium
iodide crystals provided gamma gross count data from 50 keV to
3 MeV, as well as spectral data. Data were processed immediately
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at the survey operations base, Salt Lake City International Airport, with the EEDAC mobile computer system. The integrity and
completeness of the data were verified within 30 minutes; and
subsequent flights were usually launched within an hour after
a landing.
During a flight, previously accumulated data were plotted
by the ground crew using the EEDAC system and a Calcomp plotter.
The gross count algorithm cumulates all counts between 50 keV
and 3 MeV, assigns a letter code proportional to count rate,
and plots these letters as a function of aircraft position at
some preassigned scale. Subsequent flight tapes were added to
the count isopleth contour map, which was available to CityCounty and State radiological safety personnel within hours of
the completion of the last survey flight. For the Vitro site
this preliminary isopleth map was hand contoured.
The final gross count map, shown in Figure h, was machinecontoured. That is, a new algorithm, developed at the RSL, was
prepared just after the Vitro survey. This algorithm interpolates between survey lines and the computer draws an isopleth
contour line at each preassigned count rate. The resultant map
is not compromised by human interpolation inconsistencies and
is inherently more accurate.
Before the data are plotted a background count rate is
subtracted; this background was measured daily over a nearby
water body. The background includes cosmic radiation and gamma
counts from the aircraft, the detectors, and the instruments,
as well as radon gas in the atmosphere. What remains are counts
due to terrestrial sources only. At the survey altitude of k6
m we have measured the following conversion factor: 1100 counts/
second equals 1 mieroroentgen per hour (yR/h). We then added
to this 5.2 yR/h, an average value for cosmic radiation in Salt
Lake City. Hence, this gross count map represents terrestrial
plus cosmic sources.
Notice that the overall background level for the survey
area is an E , equivalent to 10.9 pR/h. Several closely-spaced
levels ,j above and below an E , show that terrestrial background
levels vary considerably over the site, but within a relatively
narrow range. Variations in background subtraction could change
the absolute magnitude of these levels, perhaps by ± 0.4 yR/h.
This amounts to ± k percent of the average background level.
Above these narrow background levels the steps are logarithmically-spaced, with 6 steps per decade. This allows us
to accommodate the broad dynamic range of contamination levels
on a single map.
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The gross count map is superimposed on a U.S.G.S. map of
the Salt Lake area. The preliminary version of this map was in
the hands of radiation inspectors before the RSL team left Salt
Lake; investigation of all intensity levels G or higher began
immediately and was completed within two weeks. Of a total of
U8 areas of enhanced activity away from the central tailing
pile, 3k were already known, 1^ were newly discovered with the
preliminary gross count map. Inspectors used hand-held meters
and guided their search efforts with the aerial survey results.
Nine of the lU new sites appeared to be deliberate diversions
of Vitro tailings. Several 7^ivate homes, a school kitchen,
commercial and industrial siies were located; some tailings
were spread along the railroad right-of-way, apparently after
having fallen off railroad cars. Localized exposure rates varied
from 100 to 600 yR/h. A large percentage of these diversions
appear to have occurred 20 or more years ago.
Five of the new sites contained no tailings. One was an
apparently accidental spillage of uranium ore along the railroad tracks leading to the Vitro mill. A second site contained
a large collection of mining equipment brought to Salt Lake from
New Mexico. Although the separators showed contact activity as
high as 10 milliroentgen per hour (mR/h), the owners were totally
unaware of any radiation safety hazard. The remaining three sites
contained radioactive slag from an industrial processing operation.
notice that horizontal bars have been drawn across the gross
count isopleth map in eleven locations. For each of these, data
records from several seconds of helicopter overflight were accumulated. A gamma radiation spectrum, from 50 keV to 3 MeV, was
prepared. A local background, collected immediately before or
after the site of interest, was subtracted from these sites.
Figure 5 shows a typical background spectrum from the survey site.
In each of these eleven cases, the areas of enhanced activity
showed abnormally high bismuth-2lU concentrations. A typical net
(background-subtracted) spectrum is shown in Figure 6. The local
background has been subtracted, channel-by-channel, from the gross
activity recorded as the helicopter flew line segment 1 of Figure
7. In all cases the net spectra showed bismuth-2llt peaks at
0.609-, 1.120-, 1.J6U-, and 2.20lt-MeV. The bismuth, a decay
product of uranium-238, so strongly predominated at these sites
that nearly all evidence of other nuclides was obliterated.
Another search technique devised at the RSL is called the
man-made gross count algorioiim, which is designed to sense the
presence of changes in spectral shape. It has been observed
that rather small changes in spectral shape may accompany rela-
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tively large changes in the gross counting rate. This is because
radionuclides that generate a natural background spectrum change
in more or less constant ratio. The man-made gross count algorithm senses counts in the lower portion of the spectrum in
excess of those predicted on the premise that these counts bear
a constant ratio to counts in the upper portion. It is designed
to be most sensitive to man-made nuclides; hence the dividing
line is chosen at l.it MeV. Above that energy most long-lived,
man-made nuclides do not emit gamma rays.
The algorithm actually used is:
MMGC = 1.111A - kB,
where A and B are energy bands: 0.050 <_ E <_ 1.390 MeV; and
1.400 <. E <. 3.000 MeV. The constant k is a calibration number
which varies with each flight. Counts in window A are multiplied by 1.111 simply to normalize the input data from 18 to
20 detectors.
Figure 7 is an isopleth map constructed with the man-made
gross count algorithm. Since it is specifically designed to
enhance gamma radiation at lower energies, it is nox surprising that this map is less useful than the gross count map for
locating 'bismuth concentrations. Note that the levels indicate
count rates at the survey altitude of i*6 m. There is no key
for converting man-made gross count to exposure rate because
conversion factors are sensitive to the nuclide producing the
activity. Any exposure rate changes reflected by the man-made
gross count algorithm add to the natural background level;
hence, they are not separately measurable. This algorithm is
useful for indicating anomalies, especially for nuclides emitting low energy gammas.
Figure 8 is a bismuth-2lU isopleth contour map. The algorithm is designed to quantify concentrations of the nuclide
of interest. Photopeak counts, in this case, from the 1.76UMeV photopeak of bismuth-2llt, bear simple relationships to concentrations of a given nuclide. In order to enhance anomalous
contributions of bismuth, the photopeak counts are usually compared with counts in a background window of comparable width at
some other energy. The algorithm used to prepare Figure 5 is:
21

*Bi = 1.111A - kB,

where A and B are energy bands: I.58 <. E_ <. 1.9U MeV and 2.36
<_ E_ <_ 2.88 MeV. Again k is a calibration constant which varied
witn each flight and 1.111 is a normalization factor.
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When this stripping algorithm is applied to the data some
photopeak counts may be subtracted from the photopeak window.
This oversubtraction is dependent on (l) the relative location
of the windows, (2) the specific nuclide of interest, and (3)
the energy resolution of the detector system. Since factors
that convert count rates to nuclide concentration depend on
photopeak counts only, it is important that the results of this
algorithm be corrected to obtain actual photopeak rates. It
can be shown that the correction factor is (l-Rgg)" 1 , where
g is determined from the shape of the net bismuth spectrum over
a contaminated area. The value of g is equal to the counts in
the background window divided by the_counts in the photopeak
window as measured over this area. Rg = CRp/CRn, where CRp is
the counting rate in the photopeak window and CRg is_the counting
rate in the background window. An average value of R B is obtained over land areas which contain only background, i.e., no
known concentrations of the isotope of interest. The relationship between isopleth letter lables, uncorrected, and corrected
counts is shown in Table 1. In this case the correction factor
is quite small: the uncorrected count rates are multiplied by
1.073. Only uncorrected count rates are shown in Figure 5.
Table 1:
Letter label

A
B
C

D
E
F
G

H
I
J
K
L

M
N

Key for " " BBi
i Isopleth Levels in Figure 5
Photopeak Counts
Uncorrected C tount Rate
Corrected Rate
r 1 (sec'1)
C (sec"1)
20
20
1*0
35
70
65
120
110
220
200
380
350
700
650
1200
1100
2100
2000
3800
3500
7000
6500
12000
11000
21000
20000
38000
35000

These corrected count rates can now be used to compute
concentrations of excess 211*Bi at the sites shown on the bismuth map. Since such conversion factors depend very strongly
on the horizontal and vertical distribution of the tailings, a
range of conversion factors has been developed for the Salt
Lake final report 3 which are dependent on the site-specific
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conditions. For example, if one assumes a uniform vertical
distribution of the tailings the average activity in samples
taken at any depth is 0.085 pCi/g (picocuries per gram) for
each count per second. The additional exposure rate at 1 m
(due to the added Z Z 6 R a and its daughter 211*Pb and 2 1 "Bi) is
0.15 uR/h for each count per second.""6
It appears that the bismuth photopeak map is less detailed
than the gross count map and, hence, far less useful. The result is not surprising. Only IT percent of all bismuth-2lU
disintegrations result in the emission of a 1.76^-MeV gamma ray.
By selecting a narrow photopeak window we statistically limit
the amount of data selected for processing, effectively ignoring
most of the data we have acquired. The gross count map contains
far more counts; slight differences in count rate indicate significant changes in bismuth concentration. Photopeak isopleth maps
are far more useful for man-made contaminants like cesium-137
and cobalt-60, particularly when concentrations of separate contaminants must be individually shown.
6.

CONCLUSION

A recent aerial radiation survey of the surroundings of
the Vitro mill in Salt Lake City shows that uranium mill tailings
have been removed to many locations outside their original boundary. To date, ^3 remote sites hav<; been discovered within a
100 square kilometer aerial survey perimeter surrounding the
mill; 9 of these were discovered with the recent aerial survey
map. Five additional sites, also discovered by aerial survey,
contained uranium ore, milling equipment, or radioactive slag.
Because of the success of this survey, plans are being made to
extend the aerial survey program to other parts of the Salt
Lake valley where diversions of Vitro tailings are also suspected.
7.
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RESIDUAL RADIOACTIVITY IN THE VICINITY OF
FORMERLY UTILIZED MED/AEC SITES
F. F. Haywood and W. A. Goldsmith
Heal.th and Safety Research Division
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

ABSTRACT

As demand for uranium and thorium was accelerated during the 1940s,
services of chemical and metallurgical firms and major research facilities
were contracted as needed by the Manhattan Engineer District (MED). A
lack of documentation of the radiological status at the time contracts
were terminated at these facilities led the Department of Energy (DOE),
and its predecessor the Energy Research and Development Administration
(ERDA), to develop a major radiological resurvey program to fill this
information void.
Radioactivity may not be confined to the boundaries of property on
which operations were carried out. Radioactivity can be relocated to
areas outside site boundaries through wind and water erosion, processing
effluents transport through groundwater, spillage of incoming feed
material along roads and railroads, salvage of excess equipment, and
removal of contaminated material for private purposes.
A combination of aerial and ground-level radiological monitoring
teams are utilized (to identify and assess off-site radioactivity).
Results from comprehensive aerial surveys conducted by EG&G, Inc., a DOE
contractor, provide the approximate areal extent of elevated radiation
levels on the ground. These aerial survey results lead to two types of
ground-level surveys: (1) gamma-ray scanning on foot or from a motorized
vehicle (mobile lab based system) to pinpoint the location of residue
radioactivity, and (2) comprehensive radiological surveys to determine
the amount and type of materials present on specific parcels of private
and public property identified during the scanning. This type of investigation was initiated in 1978 and has been successful in identifying and
assessing the potential radiation hazard from property on which materials
bearing natural radioactivity have been found.
This paper contains a description of the techniques used to find
and evaluate radioactive material displaced outside the boundaries of a
formerly utilized site. An example is given to illustrate mobile gammaray scanning and other radiological survey techniques used to pinpoint
the location of elevated radiation levels as suggested by aerial survey
results. Numerous properties in the Canonsburg, Pennsylvania, area have
been found to contain materials similar to those at the nearby inactive
uranium processing site. Surveys have shown that in many instances
these off-site anomalies were probably a result of voluntary action by
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humans, aided by a lack of security at the site after contractor operations ceased. Another example will be given, where ground-level surveys
of'the Niagara Falls, New York, area have established that numerous offsite anomalies (suggested from aerial survey results) were caused by the
use of a radium- and uranium-bearing slag which was not associated in
any manner with MED/AEC activities. In this case, uranium and thorium
appeared as trace contaminants in feed material from which nonradioactive
minerals (e.g., elemental phosphorus) were extracted.

INTRODUCTION
Large quantities of uranium were needed for development of the
nuclear weapon beginning in 1942, and later for development of nuclear
power. Once the uranium was obtained, diverse activities such as research
and development, processing, production, handling, etc., were carried out
by private industry, universities, etc., under contract with the Manhattan
Engineer District (MED) and later the Atomic Energy Commission (AEC).
Virtually all of this early work involved natural radioactivity; in some
cases a purified product (uranium or thorium) was involved, and in others,
the radioactivity was contained in an ore matrix.
Some degree of government control was applied to these contract
activities for the purpose of protecting the health and safety of workers
and the public. The specific nature of health and safety procedures in
effect at that time is unknown. However, it is known that efforts were
made to control the spread of contamination and procedures existed for
the storage or disposition of scrap and residues. Documentation of the
radiological status of formerly utilized facilities upon the termination
of contracts or upon release of government controls of site activities
is limited, and in many cases does not exist. Because of this, the
Department of Energy (DOE, then ERDA) initiated a resurvey program
designed to: (1) characterize the current radiological status of these
facilities, (2) carry out remedial measures (if required) to minimize
potential hazards, and (3) certify those sites which are suitable for
unrestricted use. Under this program, known now as the Formerly Utilized
Sites—Remedial Action Program (FUSRAP), 1 ' 2 most of the site-specific
radiological characterizations have been completed. Radiological
assessment activities have been carried out by teams from three DOE
laboratories: Argonne, Los Alamos, and Oak Ridge. Documentation is in
the form of technical reports published by DOE in its DOE/EV-0005 series.
This presents techniques used to identify and evaluate the significance
of residual radioactivity in the vicinity of formerly utilized MED/AEC
sites.

Migration and Movement of Radioactivity
The extraction of uranium or thorium from ores can create the
potential for spread of radioactive materials to surrounding areas.
Approximately 85% of the original radioactivity in uranium ore can be
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found in residues (tailings) remaining after extraction of the product.3
When residues of this type t»ere generated during MED/AEC operations,
they were isolated and placed in interim and long-term storage in a few
documented locations. It is during this storage period that migration
cr movement of residues is most likely to occur. The principal mechanisms
for movement are:
1.

Wind erosion - Wind may cause transport by one of three
modes: surface creep, saltation, and suspension. Surface
creep is Illustrated through the movement of large particles
along the surface due to wind or by the impaction of other
particles. Intermediate-sized particles move by saltation,
wherein the particles are lifted a few feet in the air by wind
and quickly return to the surface. The smaller particles,
including those in the respirable range, become suspended and
remain suspended due to vertical turbulence. The theoretical
and experimental studies of these mechanisms are well summarized
by Healy1* and Anspaugh et al. 5 The quantity of material
suspended is affected by variables such as the topography and
physical properties of the surface, the amount and type of
vegetative cover, the extent of surface contamination, local
micro-meteorology, and the time elapsed since the surface was
contaminated.

2.

Water erosion - Flowing surface water can cause the movement
of residues from a storage pile to adjacent areas. Unless
material is moved to a body of water (river, stream, etc.) for
further transport, the quantity of residue along drainage
paths decreases rapidly with distance. Material deposited in
this manner is subject to movement by other means.

3.

Groundwater transport - Sadionuclides may be transported in
mining groundwater. The magnitude of this type movement is
determined by the proximity of residues to groundwater supplies,
presence of "leaky" aquifers, differences in permeability in
heterogeneous aquifer materials, concentration of cations, and
the presence or absence of coprecipitating chemicals in the
water. The adsorptive capacity of the subsoil will usually
inhibit the movement of all tailings radionuclides except
uranium migrating as an anionic uranyl complex. Most of the
radioactivity which migrates in groundwater remains below the
surface (unless contamination of a "leaky" aquifer containing
potable water occurs); therefore, this pathway is not important
to the investigations considered here except for nearby private
wells.

4.

Spillage of transported material - The exact means of packaging
(in 1940s) of feed material such as uranium ore is not known
in all cases. However, spillage along rail sidings6 and
storage areas 7 has been observed.
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5.

Equipment salvage - excess equipment which has been removed
from the site and salvaged without adequate decontamination
and radiation survey represents a potential source of off-site
contamination.

6.

Removal of material for private purposes - There have been
many instances where residues and material bearing radioactivity were removed from a site for use on private property.
This type removal has occurred on a small scale during periods
of inactivity at some sites, and on a larger scale at tailings
piles in western states. The best known case is the tailings
removal at Grand Junction, Colorado.8

7.

Process effluents - discharge of material from stacks, and
into streams and rivers from drain lines. Once material
containing radioactivity has been moved from the confines of a
storage area, it is subject to further movement or distribution
as a result of the action of humans (e.g., street and road
repair or construction, building, etc.).

Approach Used to Locate Off-Site Radioactivity
The extent of spread of radioactivity in the immediate vicinity of
a processing site or storage area may be determined in a relatively
short period of time through a systematic search by monitoring personnel
using portable instruments.9 In general, this is not the case for
contaminated material which has been removed from the site to private
property. Distances from the original storage site may extend to a few
miles, thereby involving large areas.
Based on recent experience,10 it has been determined that an effective
approach in identifying off-site residual radioactivity is the use of
combined teams of aerial and ground-level radiation survey specialists.
Large land areas (up to several square miles) are surveyed by EG&G,
Inc., a DOE contractor using fixed wing aircraft for high-altitude
surveys and helicopters for low-altitude surveys. 11 Banks of sensitive
gamma-ray detectors are used to identify the location (with a high
degree of spatial resolution) and approximate magnitude of radiation
levels which differ from the normal terrestrial background for that
area.
Information derived from an aerial survey may be used as input for
ground-level investigations. Areas where elevated radiation levels are
indicated by the aerial survey are located on a map. One of two survey
techniques may then be employed. Discrete gridpoint property surveys
are conducted using portable instruments in cases where a single parcel
of property is involved, and a mobile gamma-ray scanning system is used
to further identify parcels in cases involving large areas (several city
blocks). After needed mobile gamma-ray scanning operations are complete,
•surveys are then conducted on property which was identified during that
exercise.
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Cther ground-level property surveys have been conducted in Niagara
Falls, Tonawanda, and Lewiston, New York, and Middlesex, New Jersey. In
the New York areas, ground-level surveys revealed that only one newly
identified site showing elevated gamma radiation levels was associated
with former Manhattan Project operations. This one site among about
thirty identified from the aerial survey, was found to contain 2 2 6 Rabearing soil which had been relocated by the current owner of property
in North Tonawanda upon which residues from uranium refinery operations
had been placed for interim storage by the U.S. Government in the 1940s.
The remaining areas containing elevated gamma radiation fell into two
categories: areas known (4) to contain radioactivity from former MED
activities, and areas containing radioactivity as a result of non-MED
industrial operations where concentrations of natural radioactivity in
process residues are enhanced. In the latter category (approximately 25
areas), elevated radiation levels resulted from the presence of a slag
material, possibly from phosphate rock operations. This slag, used for
various purposes such as fill under roads, driveways, parking lots,
etc., was found to contain uranium and radium in concentrations ranging
from 30 to 50 times natural terrestrial concentrations for that area of
New York; and in samples from one area, thorium was found in concentrations up to 400 times the level in natural soil.
The mobile gamma-ray scanning system now in use (this system was
not used .in Canonsburg, Pennsylvania) by the Oak Ridge National Laboratory
(ORNL) consists of a motorized cargo van (Fig. 1) which has been equipped
with specialized equipment. Two 10 cm x 10 cm sodium iodide (Nal)
detectors, housed in separate moveable lead shields each with a collimated
opening, are used for scanning purposes. The shields can be adjusted to
various angles to provide detector coverage over a wide angle of view.
Normally, one is positioned in a verticle position and one pointed
toward the horizon with slightly overlapping fields of view. A pressurized ionization chamber (PIC) for measuring gamma-ray exposure rates at
points of interest is provided on board. The data-gathering system is
automated and consists of two multichannel pulse height analyzers, one
for each Nal crystal, an electrometer for PIC readout, and a photooptical distance measuring devi.ee mounted on the vehicle's drive train.
Signals from all of these devices are transferred by an ORNL Comp-8
microcomputer to a Commodore Pet computer used for central processing.
Peripheral equipment for the Pet computer includes a dual-floppy-disk
for mass data storage and a highspeed printer. The system is operator
controlled through keyboard instructions to the computer. Electrical
power is supplied by a gasoline-powered 4 kW generator mounted near the
rear of the van. A mobile radio-telephone system is used for communications. An interior view of the scanning van is shown in Fig. 2.
Specific Case Study
In April 1978, an aerial survey was conducted of the former Vitro
Rare Metals Plant and surrounding area in Canonsburg, Pennsylvania.
Results of this survey are included on the aerial photo in Fig. 3. In
this photo, the line which defines the outer boundary of region 1

ORNL-Photo 5414-79

Fig. 1.

Mobile gamma-ray scanning van.

ORNL-Photo 5411-79

Fig. 2.

Interior view of gamma-ray scanning van.
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BACKGROUND:

3"7

Region ) :

9"50 PR/hr

Region 2:

50-110 MR/hr

Region I:

110-185

Region k:

135-232 UR/hr

Fig. 3. Aerial view of the lormer Vitro Rare Metals Plant, Canonsburg,
Pennsylvania (regions 2-4), including results of aerial survey (courU'sv
EG&G, Inc.).
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(approximately 9-50 uR/hr 1 m above the ground) is seen to be approximately symmetrical on three sides of the plant site (most of the site is
covered by regions 2-4), but on the other side, this line wanders through
the village of Strobane.
In order to determine if off-site radioactivity was present in this
village, a study was designed and carried out during the summer of 1978.
Case study objectives were:
1.
2.
3.

Verify aerial survey results,
Determine specific areas where materials bearing
radioactivity existed,
Outline the magnitude of the problem.

The approach used for radiological assessment in this area included
mobile gamma-ray scanning followed by discrete gridpoint property
surveys.
Scanning the village was accomplished by driving a mobile laboratory
van similar to, but somewhat larger than, the one shown in Fig. 1 along
every accessible street and alley in the village. The van was stopped
for a short counting period in the front and rear of each parcel of
property (a third side of some properties was surveyed when scanning
cross streets). If, after a 30-sec count, the gross count equaled or
exceeded the 60-sec count rate in areas considered to represent the area
background radiation level, a 5-min gamma-ray spectrum was accumulated,
whether or not elevated concentrations of 2 2 6 R a existed on the property
was estimated by comparing the ratio of observed photo-peak intensities
from 2 2 6 R a and ^^K at background concentrations, to the ratio observed
adjacent to individual parcels of private property.
Using the above technique, 54 (confirmed and borderline) of the
approximately 500 properties scanned were found to contain 226 Ra-bearing
material. Shortly after this task was completed, and at the request of
DOE, a pilot study involving 33 properties was carried out. In this
study, 29 of the properties believed to contain radioactivity and four
which appeared to be uncontaminated were included. Comprehensive ground
surveys were performed at each address. The survey included measurements
(surface a and 8-y, gamma-ray exposure rate, etc.) in every room of each
house, measurements of beta and gamma radiation levels at the ground
surface and 1 m above the ground outdoors on the property, collection of
sediment from basement floor drains, collection of composite soil samples,
and collection of samples of contaminated soil, bricks, concrete, and
other material. Most contaminated materials were found toward the rear
of the property. In some cases, bricks, timbers, and various objects
(all containing radioactivity) were found in storage for later use. In
other cases, sand and dirt had been used to fill low areas and some
miscellaneous materials had been incorporated as building material in
garages, sheds, sidewalks, and basement additions. Only minor contamination
was found inside residences.
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Results of the pilot study were delivered to DOE in the form of
brief letter reports stating the findings at each address. Included in
each of these reports was a plan view of the property involved in the
survey. On this plan view, contaminated areas were depicted as shaded
regions of the property. Two properties typical of those containing
radioactivity are shown in Figs, 4 and 5.
The significance of contamination found either inside a residence
or outside on the grounds was evaluated in accordance with typical
radloactivity-to-man pathways analyses. This information, along with
recommendations to the property owner, was included in the letter report.
An example of some of the information included in a typical letter
report is given in the following excerpt:
"Significance of Findings:
Elevated gamma radiation levels found in the house are of no
consequence. Elevated gamma radiation levels and radium concentrations in the yard are not a present hazard to occupants of this
property under conditions of present use. These levels constitute
only a nuisance to occupants of this property.
Recommendatio is to Property Owner:
It is recommended that no new structures be built on the property
without the advice of the Department of Energy (DOE). Radium contaminated soils in shaded areas of accompanying drawing should
not be used for vegetable gardens. Until contaminated soil is
removed, direct contact with this material should be minimized.
Plans are being drawn up for the removal of contaminated material
by authorized DOE contractors. This will be done only with consent
of the property owner pursuant to a mutual agreement providing for
cleanup and restoration."
The 33 properties included in this pilot study may be classified as
follows:
Uncontaminated - 7
Minimal nuisance - 9
Practical concern - 17
Plans have been made to complete the assessment of properties in
the Canonsburg, Pennsylvania, area during the spring and summer, 1980.
It will be necessary to extend mobile gamma-ray scanning activities to
areas not yet surveyed. Once all properties suspected of containing
elevated concentrations of radioactivity have been identified, more
extensive radiological surveys will be conducted at suspect properties.
Some additional properties will be included in the survey in order to
demonstrate the reliability of the mobile gamma-ray scanning technique.
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Fig. 4. Plan view of one parcel include In the pilot study of
individual properties showing numerous areas (shading) of the property
containing elevated concentrations of 2 2 6 Ra.
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Fig. 5. Plan view of one parcel included in the
pilct study of individual properties showing a large
area of 2 Ra-bearing soil on the property.
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STABILIZATION OF URANIUM MILL TAILINGS
WITH ASPHALT EMULSION
James N. Hartley, Paul L. Koehmstedt,
David J. Ester 1 and H. 0. Freeman
ABSTRACT
Uranium mill tailings pose a potential radiation health hazard to the public. Therefore, stabilization or disposal of these
tailings in a safe and environmentally sound way is needed to minimize radon exhalation and other environmental hazards. One of the
most promising concepts for stabilizing U tailings is the use of
asphalt emulsion to contain radon and other hazardous materials
within uranium tailings. This approach is being investigated at
the Pacific Northwest Laboratory. Results of these studies indicate that a radon flux reduction of greater than 99% can be
obtained using either a poured- on/sprayed-on seal (3.0 to
7.0 mm thick) or an admixture seal (2.5 to 12.7 cm thick) containing about 18 wt% residual asphalt. A field test was carried
out in June 1979 at the Grand Junction tailings pile in order to
demonstrate the sealing process. A reduction in radon flux ranging from 4.5 to greater than 993S (76% average) was achieved using
a 15.2-cm (6-in.) admix seal with a sprayed-on top coat. A hydrostatic stabilizer was used to apply the admix. Following compaction, a spray coat seal was applied over the admix as the final
step in construction of a radon seal. Overburden was applied to
provide a protective soil layer over the seal. Included in part
of the overburden was a herbicide to prevent root penetration.
INTRODUCTION
The milling of uranium ore produces large quantities of
waste (mill tailings) which remain potentially hazardous for a
very long time due to the long half-lives of the rarfionuclides
present. Two potentially hazardous radioactive decay products
are radium-226 (half-life 1620 years) a solid, and radors-222
(half-life 3.8 days), a radioactive gas which is considered to
present the most significant exposure risk.
Based on projected U.S. nuclear generating capacity, 490
million metric tons (MT) of tailings will be produced by the year
2000 using conventional milling.U) These tailings would be in
addition to the 107 million MT of tailings at currently active
mill sites at the end of 1977 and 24 million MT of tailings at
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inactive sites. Because of potential radiation health hazard to
the public, methods to stabilize or dispose of the tailings in a
safe and environmentally sound way are needed in order to minimize radon exhalation and minimize other environmental hazards.
Proposed requirements for uranium tailings disposal include
placing no less than 3 m (10 ft) of cover material over the tailings. (*) This cover material must not include mine waste or
rock that contains elevated levels of radium. This technique
might minimize human exposure from inhalation and ingest ion, but
it is not considered a totally satisfactory solution based on
economics and the availability of cover material. Other techniques include the use of clay liners and covers with a soil
cover. Placement of tailings in abandoned underground and open
pit mines is also being considered.
An alternative approach would be to apply a cost-effective
cover material that would reduce radon exhalation to background
levels and remain stabile for at least 1000 years. The Pacific
Northwest Laboratory (PNL) is working on such an alternative. (2,3,4,5) The Department of Energy has contracted PNL to
evaluate the use of asphalt emulsion sealants to retain radium
and other hazardous elements in uranium tailings and to provide
a barrier over the tailings to prevent radon exhalation to the
atmosphere. Fig. 1 illustrates the general concept of stabilizing or sealing a tailings pile above or below grade using the
asphalt emulsion sealing procedure.

BELOW GRADE
SOri COVER AND VEGETATION

..•»•* ASPHALT
,„,,
SEAL *•

Asphalt Emulsion Sealing of Uranium Mill Tailings
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In order for a stabilization or sealing material to last for
millenia it must be inert, remain pliable, and not be affected by
its surrounding environment. Since no materials have been tested
for greater than 19 to 100 years, we cannot provide long-term
stability data.
We do know that asphalt, the primary constituent of asphalt
emulsion, is present in very old (4800 to 5400 years) ornaments,
figurines, and statues. Many ceremonial objects have been excavated and recovered in excellent condition, attesting to the
potential long-term stability of asphalt under anaerobic burial
conditions.
The use of cationic asphalt emulsion to retain radon and
other potentially hazardous materials within uranium tailings is
being investigated in the laboratory and in field tests. Laboratory studies include uranium tailings characterization, asphalt
emulsion formulation, radon diffusion measurements, assessment of
seal stability, and techniques to prevent plant or animal intrusions. The field studies include reviewing and evaluating application technology and conducting field tests using the most promising application technology to apply an effective seal. The
effectiveness of the asphalt emulsion seal to contain radon is
being established by monitoring radon exhalation with time. The
stability of the seal is being evaluated to determine the effects
of mechanical abuse, root penetration, and chemical environment.
This paper discusses the progress of this project, including
laboratory and field studies, and summarizes the status of the
sealing procedure for controlling radon release from uranium tailings. The costs of potential tailings seals are also discussed.
ASPHALT EMULSION
Asphalt emulsion consists of asphalt, water, and an emulsifier (the surface-active agent or surfactant(a/) which are
(a) Surfactants possess the unique property of altering the surface energy of their solvents, usually lowering rather than
increasing the surface energy. Surface-active chemicals are
soluble substances that markedly change the properties of
their solvents and the surfaces they contact. The three
basic types of chemical surface-active agents are classified
according to their dissociation characteristics in water:
anionic, nonionic, and cationic surfactants.
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combined together in a colloid mill to form a homogeneous mixture
of small asphalt droplets suspended in water.(6) The quality
of asphalt and water used to make the emulsion are very important. However, the most important component of any asphalt emulsion is the emulsifier.
To be an effective emulsifier for asphalt, the surfactant
must be water soluble and must possess a proper balance between
hydrophilic and hydrophobic properties. When used in combination with an acceptable asphalt, a good quality water, and adequate mechanical mixing, the emulsifier is the major factor which
influences initial emulsification, emulsion stability, and ultimate field performance.
The asphalt emulsions considered for sealing tailings are
cationic asphalt emulsions which have positively charged droplet
surfaces. The positively charged surface of the asphalt droplets
adhere to the negatively charged tailings as shown in Fig, 2.
The surface charge (zeta potential of cationic asphalt emulsions
ranges from +12 to +130 mV. The choice of cationic emulsion
depends on the surface area (particle size distribution) present
in the material to be sealed. Different particle types, and
sizes require different choices of cationic emulsion in order to
obtain the proper bonding, set time, and penetration.
ASPHALT EMULSION

TAILINGS^
Fi

9- 2* Asphalt Emulsion Deposition on Uranium Tailings
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LABORATORY STUDIES
The overall objective of the laboratory studies is to investigate various asphalt emulsion sealants to contain radon and
other potentailly hazardous materials like radium within the uranium tailings. Characterizing uranium tailings, formulating the
seal, and measuring radon diffusion are the primary activities.
Uranium tailings are analyzed for physical and chemical
characteristics that could have influence on formation of a
radon-tight seal including particle size, chemical composition,
pH, and moisture content.
Particle size (and thus surface area) of the tailings varies
widely and can have a significant effect on seal formation. For
example, the high-surface-area materials (slimes) contain considerable clay-like material which is very difficult to coat with
the emulsion. Also, some tailings contain a very narrow range of
particle sizes, which makes compaction a potential problem.
Moisture content and pH have a direct effect on the bonding
mechanism. For example, very dry soil can dehydrate the emulsion
prematurely.
Laboratory Radon Measurements
Radon diffusion measurements are performed to determine the
effectiveness of various asphalt emulsions in producing a redon
seal. The primary system used to test the seals is shown in
Fig. 3. Radon gas is passed below the seal in addition to the
radon generated by the tailings. This allows for a greater concentration of radon below the seal and if required a pressure can
be applied to the bottom of the seal. Radon diffusion measurements are usually run for up to two weeks unless a major leak
occurs. Any radon that diffuses through the seal is adsorbed on
activated carbon which is immersed in a dvy ice-alcohol bath to
improve its adsorption efficiency to greater than 99%. After the
specified test time, the carbon is removed, sealed and counted.
The radon content of the carbon is indirectly determined by counting the gamma activity of the Bi-214 daughter product. From this
data the radon fluxes are determined.
Examples of radon flux reductions obtained using poured-on
seals are tabulated in Table I. Cationic asphalt emulsion prepared with Armak Co. Redicote E-63, E-65, and E-4868 emulsifiers
was used to make the seals.
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Fig. 3. Operation of Radon Diffusion Test Apparatus
Table I. Radon Flux Reduction Using Poured~0n Asphalt
Emulsion Seals

Sample
Vitro-Site at Salt Lake City, UT
Ambrosia Lake, NM
Mexican Hat, UT
Monument Valley, AR
Shiprock, NM
Tuba City, AR
Falls City, TX
Grand Junction - 1

Seal
Thickness,
mm
9
9
6
9
9
9
9
9

Grand Junction - 3

9

Grand Junction - 4

9

% Flux Reduction
99.9%
99.9%
99.3%
99.8%
99.9%
99.9%
99.9%
99.9%
Pressurized Seal
99.9%
Pressurized Seal
99.9%
Pressurized Seal
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All flux reductions were greater than 99.3%. However,
poured-on seals are not adequate for the field since they do not
have enough mechanical stability. Therefore, admixtures of Grand
Junction tailings and asphalt emulsion were tested using the primary radon diffusion test apparatus. Admixtures containing from2
10 to 20 wt% residual asphalt were compacted at about 5.6 kg/cm
(80 psi) and tested. Admixtures containing 10- to 12-wt% residual
asphalt stopped neither water vapor or radon; a 12- to 14-wt%
residual asphalt admix only sealed out water vapor. Starting at
14-wt% residual asphalt, a marked reduction in radon flux is
noted. At a 16- to 20-wt% residual asphalt content, greater than
99.9% reductions in radon fluxes were obtained.
FIELD STUDIES
The overall objective of the field studies is to demonstrate
the effectiveness of a stabilization or sealing procedure using
asphalt emulsion to contain radon. Techniques for applying the
asphalt emulsion seal are being investigated at selected tailings
sites. The objectives of the field tests are to obtain sufficient
operating data to evaluate the technical and economic feasibility
of the most promising application techniques.
During June 1979, a field test was conducted at the Grand
Junction tailings site. The primary emphasis of this test was to
test a stabilization procedure consisting of site preparation
(contouring, watering, compacting), asphalt emulsion application
using a hydrostatic stabilizer and compactor to form the seal, and
overburden application.
A 82.5-m x
sealing test by
overburden that
then contouring

82.5-m (275-ft x 275-ft) site was prepared for the
removing a 5-cm to 15.2-cm (2- to 6-in.) cover of
contained too much clay to make an adequate seal,
the site for drainage, watering, and compacting.

Following some preliminary seal application equipment tests,
a total of 4328 m 2 (1.07 acre) was sealed using a B O M H G MPHIOO
Hydro-static Stabilizer as shown in Figs. 4 and 5. Cationic
asphalt emulsion prepared with Armak Co. Redicote E-4868 emulsifier was used for the admix seal. A few hours after the emulsion
was applied, the tailings-emulsion mixture was compacted using a
vibratory compactor to form an admixture seal.
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Fig. 4. BOMAG MPH1OO Hydrostatic Stabilizer and Distributor
Truck Applying Asphalt Emulsion to Tailings

Fig. 5. Application of Asphalt Emulsion to Tailings
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Severa1 application rates were tried, including a doublepass application where about 8-wtX residual asphalt was applied
on the first pass followed by an additional 8-wtX residual
asphalt on the second pass.
After application and after the majority of the water evaporated, the admix was compacted 4 to 6 times using a vibratory
compactor zto form the admixture
seal. The next step was to apply
a 3.2-l/m (0.7-gal/yd2) spray coat seal (Fig. 6) to fill any
micro-cracks that might have formed during compaction. We've
found that a we11-compacted si rface is important to control
admixture depth thereby maintaining consistent seal asphalt content. Water application makes the tailings easier to compact.
Water application over the admixture seal is necessary for proper
bonding between the admixture seal and the spray coat seal.

II

Fig. 6. Asphalt Emulsion Spray Coat Seal Application
over Admixture Seal
Equipment modifications to both the hydrostatic stabilizer
and distributor truck will be investigated during 1980 along with
alternative application techniques such as a pug mill/paver and
slurry sealer.
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Field Radon Flux Measurements
The effectiveness of the asphalt emulsion seal was determined by measuring radon exhalation from the test area before and
after the seal was applied. The system used for the radon measurements is illustrated in Fig. 7 and pictured on the field test
site in Fig. 8.

TEOLAR BAG
FOR CONTROLLING
ATMOSPHERIC
PRESSURE
CHANGES

OPTION:
MOISTURE
ACTIVATED CARBON REMOVAL
CANISTER FOR
(DRIENITE)
STATIC RADON
REMENT
TO VACUUM
PUMP

"Q

ALUMINUM TENT
ALUMINUM
lEHl

RADON

ACTIVATED CARBON
CANISTER IN DRY ICE
ALCOHOL BATH

TAIUNOS OR ASPHALT EMULSION-TAILINGS SEAL

F_H£._2. Diagram of the Radon Measurement System Used for
Field Tests

Radon Measurement System Used at Grand Junction
Field Test
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Nitrogen passed over the tailings or seal picks up the radon
and carries it to an activated carbon canister that is kept in a
dry ice/alcohol bath. After a specified time, the activated carbon is removed, allowed to reach equilibrium and counted. Radon
fluxes are determined from this data.
Radon flux from the Grand Junction tailings pile test site
ranged from 12 to 2400 pCi/m 2 -s. 2 The average flux was 270 pCi/
m'-s, while the mean was 73 pCi/m -s (Fig. 9 ) . The large range
of fluxes is due to the high radium content of the slimes compared to
the sand.
Radon fluxes after the seal was applied were reduced by 4.5 %
to 99 = 9% with average flux reduction of 76% (Fig. 10). Considering
that we did not obtain the residual asphalt required for a total
seal (18 to 20 wt%), the test was a success. In most cases, areas
covered w H h fog seal were sealed. Areas where the seal failed
indicated an average 104% increase in flux. This is caused by the
lateral diffusion of radon to a crack or breach in the seal; however, this increase in flux would not have a significant effect
on overall radon concentration above the seal.

a °

•VMIOL
a

a
0
_M.Im_
C17i«II

o
^&

FLUX RANGE.
*CI/m*-aK
10 • 4«.*
HI
100 • 111

n

1000 9000
(UME0 » M »

Fig. 9. Radon Fluxes from Grand Junction Tailings
Test Site Prior to Seal Application
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COST OF ASPHALT EMULSION TAILINGS SEAL
Laboratory studies and a preliminary field test have
indicated the potential effectiveness of the asphalt emulsion
tailings seal, but cost optimization has yet to be considered.
In comparison to most alternatives, this stabilization sealing
method shows promise in being cost effective. For example, if
we were to compare 1) the application of a 7.6-cm (3-in.) admix
seal containing 20-wt% residual asphalt and having a 0.61-m
(2-ft) soil overburden with 2) the application of 3.0 m (9.84
ft) of soil cover. The following estimated costs are foreseen:
ESTIMATED COST, PER ACRE
Materials Cost

3 m (9.84 ft)
57200

7.6 cm (3 in.) Asphalt
2500 Asphalt Emulsion
11600 2-ft overburden

Site Preparation,
Application,
Revegetation, etc.
Total
Total, $/m2($/yd?

2500
59700
14.8 (12.4)

4500

assumptions:

41100
10.1 v'8.5)

overburden @ $3/yd3
asphalt emulsion & 55<it/gal
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Although the asphalt emulsion sealing procedure is potentially cost effective, much additional work needs to be done before
optimized procedures can be worked out. Procedures should be
site specific since the problems of tailings stabilization vary
from site to site.
There is no one solution to the problem of radon exhalation
from uranium tailings. A concerted effort is needed to review
and consider the available alternatives before a stabilization
procedure is selected for a given site. In some areas, other
techniques such as use of clay caps or 10-ft soil coverings may
prove to be more economical.
CONCLUSIONS
The general conclusions that can be made as a result of
both laboratory and field tests are as follows:
•

Cationic asphalt emulsion can be used effectively to stop
radon exhalation from uranium tailings by either pouring/
spraying on or admixing with the tailings. Proper oelection of the emulsion depends on the physical-chemical properties of the tailings or soil to be sealed.

•

Admixture seals can be potentially applied to tailings piles
using conventional stabilizing equipment with some modifications.

•

Both laboratory and field tests indicate the potential to
reduce radon
exhalation to below the proposed EPA standard
of 2 pCi/m 2 sec (annual average flux). Field test radon
reduction at the Grand Junction tailing test site ave aged
76%.

•

An admix containing about 20-wt% residual asphalt is
required to achieve a total seal.

•

Laboratory cyclic freeze/thaw tests (0 to 22°F) did not
affect seal integrity in poured-on seals 3.0 to 7.0 mm thick.

•

Exposing laboratory seals to 105-R gamma radiation did not
have any effect on seal integrity.

•

Long-term stability of the seal is affected by the nature of
the environment surrounding the seal. For example, if the
seal were exposed to sunlight, degradation would occur and
the seal would not last for a thousand years.
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•

Maintaining overburden over the seal provide-; JI
trol. Revegetation or a rip-rap (rock) cove
•
to prevent soil erosion. Addition of select
,
control root growth and prevent seal penetrai .

<»i
,• ••.!
an

•

In order to meet the proposed EPA standard of
annual average flux a radon reduction of qieu..
required for most U tailings.

>'• / is

REFERENCES
1. U.S. Nuclear Regulatory Commission. 1979. i. .,
Environmental Impact Statement on Uranium r-1 • 1 : .
NUREG-0511 Vol. 1.
2.

Koehmstedt, P. L., Hartley, J. N., and D.avr,, i
Use of Asphalt Emulsion Sealants to Contain Raunr. ... i .~ .\-: 11jrn
in Uranium Tailing's^ BNWL-2190, Pacific NortTnvi • -•••.••'
tory, Rich land WA.

3. Hartley, J. N., Koehmstedt, P. L.. and Ester!. '
Aspahalt Emulsion Sealing of U Mill Tailings
Presented at the Second Symposium on U Mill •. : .
Management, Fort Collins, CO, November 19-?0. I 1 '"

\ •'<,

4. Koehmstedt, P. L., Hartley, J. N., Esterl, D. ,1
•:. M
Emulsion Sealing of U Mill Tailings. PNL-SA- 7 ; 1: .?med
at the Materials Research Society International
i,
~i on
the Scientific Basis for Nuclear Waste Mana^-m: •; ,
.; i
MA, November 27-30, 1979.
5. Hartley, J. N., Koehmstedt, P. L., Esterl, !). ..
(PNL-3290). 1979. Asphalt Emulsion Sealing of '
Mill Tailings, Pacific Northwest Laboratory, ;h i!
February 1980.
6.

Dybalski J. N. 1976. The Chemistry of Asphali
presented at Fifty-fifth Annual Meeting, Transp'.ri
Research Board.

• :
•<

176

RESEARCH ON RADON FLUX REDUCTION FROM URANIUM MILL TAILINGS
R.F. Overmyer
B.J. Thamer
K.K. Nielson
Ford, Bacon and Davis Utah, Inc.
V.C. Rogers
Rogers and Associates

1.

INTRODUCTION

The Department of Energy has the responsibility for conducting remedial
action at inactive uranium mill tailings sites under P.L. 95-604, The Uranium
Mill Tailings Radiation Control Act of 1978. Previous studies at these sites
by Ford, Bacon and Davis Utah, Inc., have shown that the primary health effects anticipated with these inactive tailings sites in the nearby population
are associated with the inhalation of radon daughter products.
The parent radon gas is produced by the decay of radium remaining in the
tailings after the ore is processed to recover uranium. The radon gas is
formed throughou.t the tailings. Some of the gas diffuses upward into the
atmosphere, prior to decay, and is then free to diffuse away from the tailings
site or to be transported by wind to inhabited areas. The radon, during the
time it moves through the atmosphere, decays to its daughter products. These
products then may be inhaled by people in the vicinity. There is a recognized
link between inhalation of radon daughters, at much higher concentrations, and
lung cancer in uranium miners. Consequently, limits have been established for
allowable radon daughter concentration in air in uranium mines.
More recently, radon daughter concentration limits were established for
the Grand Junction Remedial Action Program in Grand Junction, Colorado. Standards also will be promulgated soon by the Environmental Protection Agency
(EPA) that will apply to the uranium mill tailings remedial action program.
One of these EPA Standards will specify the allowable radon flux from the
inactive uranium mill tailings piles. This standard will apply to tailings
that are stabilized in their present locations and to tailings that may be
relocated to remote disposal sites.
Radon flux reduction from tailings may be accomplished by the use of an
impermeable cover to contain the radon until it decays (half life is 2.8
days). The use of a thick relatively impermeable cover can attenuate radon
flux because a large fraction of the radon would decay before it diffuses
through the cover into the atmosphere. This method of reducing radon flux
may require soil cover thicknesses on the order of 10 feet. In some locations,
obtaining 10 feet of soil to cover 200 acres of tailings may be difficult or
may lead to other significant environmental impacts.
The Department of Energy is sponsoring research to identify alternatives
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to thick soil covers for reducing radon flux from uranium tailings to meet the
forthcoming standards. This paper describes the results of two research
contracts conducted by Ford, 3acon and Davis Utah, Inc., for the Department
of Energy. The first is described only briefly to provide background information for the current research effort.

2.

PREVIOUS CONTRACT RESEARCH

The initial Department of Energy contract on stabilization research involved a series of laboratory experiments using impermeable materials as
cover on uranium tailings. The results of these experiments may be summarized
as follows:
(a)

Some epoxies reduced radon flux by greater than 90%, but they were
considered too expensive and impractical for large-scale application
directly on tailings.

(b)

Foamed plastic materials generally exhibited smaller flux reductions
than the epoxies.

(c)

Calcilox stabilizer (a type of soil cement manufactured by Dravo
Lime Company) and asphalt emulsion both reduced radon flux by more
than 90%, and consequently are being considered as candidates for
further testing on a larger scale.

(d)

Sand, soil, and dry bentonite were tested for comparison purposes.

An experiment in which moisture was added to a sand cover on tailings exhibited higher radon flux during the time that the moisture was evaporating.
This experiment was repeated three times with similar results.
Radon flux measurements exhibited a 1/P dependence on pressure and a
weak temperature dependence.
Vegetative stabilization experiments were conducted by the University
of Utah under a subcontract. Two hybrid rhizomes and barnyard grass (Echinochloa Crusgalli) were grown successfully directly in the uranium tailings at
the Vitro Site in Salt Lake City, Utah.
The final report on this research work was published in April 1978.^ '

(1) P.J. Macbeth, C M . Jensen, V.C. Rogers, and R;F. Overmyer; "Laboratory
Research on Tailings Stabilization Methods and Their Effectiveness in Radiation Containment;" Report No. GJT-21; prepared by Ford, Bacon & Davis Utah
Inc.; for U.S. Department of Energy, Grand Junction, Colorado; April 1978.
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3. RECENT COVER MATERIAL EXPERIMENTS

The present program for radon stabilization was initiated in September
1978. This program has been completed, and a draft report has just been issued.
Based upon earlier performance in reducing radon flux, a larger scale
experiment using Calcilox was designed. Two feet of tailings were placed in
each of three 8-foot-diameter tanks outdoors. One tank was used as a control
and contained only tailings. Another tank contained a 1-foot-thick cap of
tailings mixed with Calcilox and lime for pH controx. The tailings in the
third tank were capped with sand mixed with Calcilox and lime at pH-11. The
measurements were started in December 1978 and continued until October of
1979. They included flux measurements while the tailings were frozen, while
wet from rain, and after drying in the spring and summer. Meteorological
data were accumulated during these same periods.
Laboratory tests to determine the proper mixture of tailings, water,
Calcilox, and lime were performed by Dravo in Pittsburgh, Pennsylvania, late
in 1978 and early 1979. Application of the Calcilox mixture to the tailings
did not occur until April 1979, after the last snowfall and freezing weather.
The Calcilox-sand mixture was the same as the Calcilox-tailings mixture with
sand substituted for the tailings. The two experiments appeared quite different after placement of the capping material. About 2 inches of water remained
on the Calcilox-sand experiment, and the water evaporated in about one month.
The Calcilox-tailings experiment appeared muddy initially and gradually dried
and cracked in a manner similar to mud. Eventually the cracks widened to about
1-inch wide and 6-inches deep. After consultation with Dravo, it was determined that insufficient water had been added, considering the dry western climate, and that consequently the water had evaporated before the mixture had
cured.
The experiment was repeated with additional water and a different application technique was employed. The mixture of Calcilox and tailings was allowed to cure partially in a separate mixing tank. The partially cured mix
then was placed on the bare tailings and compacted with a hand tamper. The
objective was to simulate addition of Calcilox to tailings at a tailings.site
and to allow the mixture partially to cure. It could then be transported to
a remote disposal site and be compacted in place. This would reduce transport
problems with either dry or very wet tailings.
Figures 1 and 2 illustrate results of two of the tank tests involving
Calcilox mixed with sand and Calcilox with tailings, respectively. Although
these figures contain raw data, they do illustrate certain trends. The Calcilox-sand mixture reduced the radon flux by a factor of about 30 and the
flux remained at 10 or less pCi/nrs. The Calcilox-tailings mixture reduced
radon flux initially; however, as the surface dried out in 1-1/2 months, the
flux increased rapidly. The results indicate that Calcilox with soil or sand
will reduce radon flux effectively when applied on tailings, but a Calciloxtailings mixture does not reduce the radon flux permanently.
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It is known that radon is adsorbed on activated charcoal and that this
effect is the basis for measuring radon flux with gas mask canisters. In
previous experiments asphalt reduced radon flux, but whether it acted as a
barrier or an adsorber was not clear. Therefore, several experiments were
performed with carbonaceous materials and hydrocarbons to determine if they
would effectively reduce radon flux, and if they would remain effective or
become "saturated" if adsorption were taking place. Figures 3 through 5 illustrate seme of the test results of such materials. The results are given in
Table 1 in terms of attenuation factors, that is the bare radon flux divided
by the measured radon flux after application of the specific cover materials.
Effective diffusion coefficients for each of the various materials or combinations of materials were calculated and are listed in Table 2.
Initially the columns with activated charcoal, oil, and asphalt had the
largest radon flux attenuation factors. However, the attenuations of the
charcoal and oil degraded significantly over a 6-month period. Asphalt produced a large flux reduction which did not degrade over a 4-month period.
A similar experiment was performed with calcium chloride as an additive
to a sand cover. It was expected that the hygroscopic properties of calcium
chloride would increase the moisture in the cover material and thereby increase
the attenuation of the radon flux. There was no noticable effect with time,
indicating that there was no significant accumulation in the sand cover in the
low humidity environment.

4.

DIFFUSION COEFFICIENTS EXPERIMENTS

To calculate the radon attenuation of a given thickness of cover material,
the effective diffusion coefficient of the material must be known. Such data
are scarce. Most available measurements have been based upon flux attenuation
experiments similar to those described earlier.
A new method of measuring diffusion coefficients has been developed at
Ford., Bacon and Davis Utah, Inc. This method does not rely on absolute measurements of the radon flux or concentration, which results in fewer errors
associated with the determination of diffusion coefficients. A schematic
diagram of the apparatus is shown in Figure 6. The diffusion coefficient is
determined from measurements of the time required for radon to diffuse from
the source tube, through the sample located in the drift tube, to the detector.
A normalized set of data of count rate versus time is illustrated in Figure
7 for radon diffusion through dry bentonite. The curve?represents the theoretical response curve for D = 2.3 cm^/min, or 0.038 cm /s.
The apparatus is convenient to use and a variety of sample types may be
tested easily. Initial experiments involved measurements of the diffusion
coefficient of radon in air, with and without an applied electric field. ' Radon often is formed in a charged state, but no significant differences were
observed in the rate of diffusion through the drift chamber with electric
fields of up to ~ lOV/cm along the axis. Also, no differences were observed in
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the diffusion rate through the irift tube with either insulating or conducting
media. Complete descriptions of the apparatus, the experimental methods, and
the data analysis are given in the contract report^). Additional experiments
have been proposed to determine more accurately the effects of moisture in the
cover materials on radon diffusion.

5.

CONCLUSIONS AND RECOMMENDATIONS

The two most effective and practical materials tested thus far are Calcilox and asphalt emulsion. Currently, asphalt emulsions are being tested at the
Grand Junction tailings pile in Grand Junction, Colorado, by Battelle Pacific
Northwest Laboratory. Other asphalt formulations, such as foamed asphalt that
requires less water than asphalt emulsions, may be practical apd will b^
tested this year.
Some sulfur-based materials and sulfur-extended asphalt also appear promising and will be tested for effectiveness in reducing radon flux. It is
also important to investigate methods of applying various stabilizers to inactive tailings piles in various physical conditions of moisture content, and
physical stability.
Finally, since the EPA standards for remedial action at tailings piles
are stated in terms of radon flux, it is important that radon flux measurements be standardized so that reliable flux measurements can be obtained and
directly compared among various laboratories.

(2)B.J. Thamer, K.K. Nielson, V.C. Rogers, R.F. Overmyer, B.S. Sermon; "Radon
Diffusion and Cover Material Effectiveness for Uranium Tailings Stabilization;"
Report No. FBDU-258; prepared by Ford, Bacon and Davis Utah, Inc.; for U.S.
Department of Energy; February 1980.
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TABLE 1
RADON ATTENUATION FACTORS FOR 30-CM DIAMETER COLUMNS

Attenuation Factors for Cover Configurations

Column

Cover Material

1st mo

2nd mo

3rd mo

4 th mo

5th mo

6th mo

A

30 cm sand' a )

1.1

1.0

1.2

1.1

(1.1)

i.O

B

10 cm charcoal and 30 cm sand

251

185

93

40

41

21

C

10 cm charcoal mixed with 30 cm sand

211

193

135

71

58

50

D

10 cm charcoal mixed into source

16

17

13

9.0

9.9

7.8

E

10 cm crushed coal and 30 cm sand

1.6

1.6

1.6

1.3

1.4

1.1
1.4

F

10 cm crushed coal mixed with 30 cm sand

1.7

1.9

1.8

1.5

i.4

G

23 cm crushed coal

1.9

1.8

1.7

1.5

1.4

1.5

H

10 cm oil mixed with 30 cm sand

1M

177

167

40

(6.1)

6.3

I

10 cm oil mixed into source, 30 cm sand

1.2

1.2

1.1

1.1

1.3

1.0

J

0.9 cm layer asphalt on source

145

61

95

240

—

—

K

30 cm sand with 0.9 cm layer asphalt

192

182

134

336

—

—

L

1 kg CaCl 2 mixed with 30 cm sand

1.5

1.3

(1.5)

1.2

__

overall value for Column A is 1.1.

00
00

TABLE 2
EFFECTIVE DIFFUSION COEFFICIENTS FOR 30-CM DIAMETER COLUMNS
Diffusion Coefficients ( D e c ) ( a ) in cm 2 /s
Column

1st mo

Cover Material
b

2nd mo
2

3rd mo
2

E>th

4th mo
3

mo

2

9,.8x10-3

6th mo

A

30 cm sand< >

1.6x10"

B

10 cm charcoal and 30 cm sand*0*

9,4x10" 6

1.1x10"5

1.5x10"5

2.3x10"5

2,.3x10~5

3.6x10"5

C

10 cm charcoal mixed with
30 cm sand

6.3x10" 5

6.5x10~5

7.5x10"5

1.0x10"4

1.1x10~4

1.2x10"4

D

10 cm charcoal mixed into source

5 .2x"0- 6

4.8x10" 6

8.0x10"6

1.7x10'5

1.4x10"5

2.2x10"5

E

10 cm crushed <=oal and 30 cm
5.5x10"4

6.2x10~4

6.1x10"4

1.3x10~3

9.8x10~4

4.5x10"3

10 cm crushed coal mixed with
30 cm sand

2.6x10"3

2.3x10-3

2.4x10-3

3.6x10"3

5.1x10"3

4.6x10~3

G

23 cm crushed coal

1.1x10"3

1.2x10"3

1.3x10"3

1.7x10-3

2.4x10"3

1.8x10"3

H

10 cm oil mixed with 30 cm sand

1.4x10"s

1.3x10~5

1.3x10"5

3.4x10"5

1.9x10"4

1.9x10"4

I

10 cm oil mixed into source,
30 cm sand<c>

1.2x10-3

1.2x10"3

1.5x10"3

2.2x10-3

9.0x10-4

3.2x10-3

J

0.9 cm layer asphalt on source

3.6x10"7

6.5x10"7

4.8x10"7

2.7x10"7

K

30 cm sand, 0.9 cm layer asphalt

4.0x10"7

4.2x10-7

5.1x10"7

2.9x10" 7

L

1 kg CaCl2 mixed with 30 cm sand

2.9x10"3

4.0x10-3

3.1x10-3

7.7x10"3

Columns D and F
' t h e values
^ j l lll e c ff
r
the
sand layer
e c for the sand layer
^'Compensation has been made for

2,9x10"

8.1x10"

given
are actually D e t .
g
is
. 6 x 1~022..
is 1
1.6x10~
the flux attenuation by the sand layer.

1.2x10"

—

00
v£>
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RELATIONSHIPS OF GEOCHEMISTRY OF URANIUM MILL TAILINGS
AND CONTROL TECHNOLOGY FOR CONTAINMENT OF CONTAMINANTS
G. Markos and FC. J. Bush
Uranium Research Program
South Dakota School of Mines and Technology
I.

INTRODUCTION

Development of a sound technology for containment of contaminants
from uranium mill tailings requires a knowledge of the geochemieal properties and behavior of
(1) the tailings,
(2) the surrounding environment, and
(3) the materials employed to contain contaminants.
The chemical and physical properties of these materials establish
interfaces which largely control the movement of contaminants out of the
tailings.
The process-response relationships of the tailing material to its
environment across the interface must be evaluated and be made compatible with containment. Contrary to the common assumptions about
tailings as inert materials, uranium mill tailings are highly reactive.
Small changes in the environment can trigger intense reactions in the
tailing materials.
The main geochemical characteristics of uranium mill tailincr that
determine the reactions and the behavior toward the adjoining environment are as follows:
(1)
(2)
(3)
(4)

a state of chemical disequilibrium,
interstitial solutions of high ionic strength,
large quantities of hygroscopic salts in the slime areas,
domination of the transport conditions by the deliquescent and
hygroscopic salts, and
(5) modification of hydrologic conditions by the salts.
Movement of contaminants results from the interaction of physical
and chemical parameters. The direction, the rate, and the extent of
movement of a specific contaminant is determined by the following:
(1)
(2)
(3)
(H)
(5)
(6)
(7)
(8)

proton activity (pH),
redox potential (Eh),
ionic strength of solution (I),
activity of the individual ion (A ± ),
heat gradient (AT),
moisture gradient (AW),
chemical potential gradient (Ap^), and
buffer capacities (pH and Eh).

Any control technology to prevent or reduce the movement of contaminants from uranium mill tailings must be cognizant of the dynamic
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conditions within and between the tailing materials and the natural or
imposed environments. Without consideration of dynamic interactions,
control technology may possibly create more problems than it solves.
This communication is based upon an in-progress investigation of
inactive uranium mill tailings started in October 1978 under contract
with the U.S. Department of Energy.
It is appropriate to express our appreciation for the cooperation
and understanding of owners of tailings, private companies and individuals, the Navajo Nation, and government officials, which greatly expedites
our investigations.
II. OBJECTIVES AND METHODS OF THE INVESTIGATION
The major objectives of this geochemical study of uranium mill
tailings and the methods of this investigation are as follows:
(1) assess and evaluate the geochemical conditions for each tailing
site,
(2) determine the pathways of movements of contaminants,
(3) establish the geochemical interrelationships between the
tailings and the surroundings, and
(4) obtain data and information by field observations, field
measurements, sample analyses, and laboratory experiments.
III. GEOCHEMICAL NATURE OF THE TAILINGS
Uranium mill tailings comprise a residue of ore-forming materials,
the silicate matrix of the host rock, and chemicals used in the extractive process. Of the ore-forming materials, most of the uranium and
vanadium have been removed but many toxic and radioactive elements
remain, such as Th, Ra, As, Ba, Cu, Mo, Pb, Se, Zn, and others. The
silicate matrix contains predominantly quartz, some pyrite, a n d —
depending on the origin of the ore—other minerals such as feldspars,
montmorillonites, and other clay minerals. In the investigated mill
tailings, sulfate and chloride are the dominant anions due to use of
acid leach process. In the tailings most of the toxic, radioactive,
and non-toxic elements which can be mobilized are in the interstitial
space of a sandy or clayey matrix.
The acid leach process involves two major reactions. First, the
dominantly tetravalent uranium of uraninite and other uranium minerals
are oxidized in a two-step process to uranyl ions. The most commonly
used oxidant is sodium chlorate. The oxidation process as described by
Merritt (1971) is as follows:
6Fe 2 + + NaC10 3 + 6H+ = 6Fe 3 + + NaCl + 3H20
where reduction of O.5+ to Cl~ oxidizes F e 2 + to Fe^+.
is the oxidation of U 4 + to U 6 + as
UO2 + 2Fe3+

=

U02 2 + + 2Fe 2 + .

The second step
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The second major reaction is the use of sulfuric acid resulting in the
ionization in solution to sulfate, bisulfate, and hydrogen ion. The
sulfate ion complexes uranyl ion. Depending on the ore and the quantity
of acid used, various uranyl sulfate complexes can form. One of these
complexing reactions is
U 0 2 2 + + HgSOi, = UO2SO4 + 2H + .
As a result of these processes, oxidation and complexing of uranium, tailings contain large amounts of Cl~ and SOi^". Residual values
as high as 1.5 percent Cl~ and 6.1 percent S0i(2~ by weight have been
measured.
The presence of the acid causes the breakdown of the commonly
occurring carbonates of calcium and magnesium such as the reaction
(Ca.Mg)(003)2 + 2H2S04 = CaSO^ + MgSOjj + 2H 2 0 + 2C0 2 +
or
CaC03 + H2SO4 = CaSOjj + H2O + C0 2 *.
The different forms of iron represent another set of important
reactions,
2Fe 2 + + H2S0i, = 2Fe3+ + SO4 2 - + 3H 2 +
H

2^0i»

= FeS0

4 + CC^* + H 2°

3H2SOij = Fe2(SOij)3 + 3H 2 0
for example. Where phosphate minerals are present the reaction
2P0i,3- + 3H2SOu = 2H3PO4 + 3SOij2can cdcur. Sulfide ion may also react with the sulfuric acid such as
S 2 ~ + H2S0i, = H2S+ + S0i,2-.
Aluminosilicates dissolve, particularly the montmorillonite minerals
Ca 0#5 Mg 3 AlSi3O 10 (0H) 2 + 8H2SO4 =
JCaSOj, + 3MgSO4 + 3Si(OH) 4 + 3S0 4 2 - + 6H+.
These reactions suggest a sulfate-dominated interstitial solution
ir1 the 3ilicate matrix. Chloride may also be a significant anion.
A chemical disequilibrium exists between the solution and the various
solid phases as well as among the components of the solution phase. As
a result the various components, aqueous and solid, continue to react
many years after the emplacement of tailings to attain some equilibrium
condition. The various precipitation reactions form easily soluble
salts of sulfate and chloride with major cations often including trace
elements.
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IV. HYDROLOGIC RELATIONSHIPS OF TAILINGS
Flow and availability of water is one of the most important parameters of the physical environment which affects the chemistry of tailing
materials and the mobility of contaminants. Water may aot as a transport mechanism for contaminants as well as affect the solution and
migration of salts.
In our investigation, five kinds of relationships have been established which result in different transport and transfer patterns for
contaminants.
1. Tailing material incercepts water
1.1
1.2
1.3
2.

surface flow
ground water
artesian flow

Shallow water table beneath tailings

3. Deep water table beneath tailings
These relationships are shown in Figures 1 and 2.
The proximity of water has a profound effect on the migration of
salts along moisture gradients towards the surface of the tailings.
The deliquescent salts in the tailings are able to obtain moisture from
shallow ground water or from water within the tailings to dissolve themselves. In the dissolved state capillary action moves them to the surface where they precipitate.
Osuotic potential may also build up due to highly saline slime
areas in the tailings by the salinity differences between the natural
ground and the tailings. Osmotic potentials drive water from the
shallow water table through the surface of tailings where salts, transported in solution, precipitate. Such features are found in most tailings where high salinities exist. Osmotic transport is expressed on
tailings by the formation of small ponds even under very arid conditions
and the formation of boils by processes similar to those of quicksand
conditions.

V.

GEOCHEMICAL MOVEMENT IN TAILINGS

There are two different types of mechanisms of how dissolved substances move within and into the surroundings of tailings: (1) convective and (2) non-convective movements. The transport and transfer
mechanisms of movement of ions are the functions of the combined effect
of the hydrologlc conditions and of the prevailing chemical environment.
Convective movement: transport of dissolved materials occurs when
physical force acts upon a transporting medium, such as water under a
pressure gradient. The ions are passively carried by the flow. The ions
available to the water are determined by the chemical processes of precipitation/dissolution reactions and sorption processes. Convective
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Surface flow

Tailing pile

Natural ground
A. TAILING INTERCEPTS SURFACE FLOW.

Natural ground

Tailing pile
River
Water table

B. WATER TABLE INTERCEPTS TAILING PILE.

Tailing pile
Natural ground

Artesian conduit
(sandstone)

Water discharge from
artesian flow

Confining bed
(shale)

C. ARTESIAN FLOW INTO TAILING PILE.

Figure 1. Conditions when tailings pile and natural water are in
physical contact.
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A. WATER TABLE IS SHALLOW BENEATH TAILING PILE.

B. WATER TABLE IS DEEP BENEATH TAILING PILE.

Figure 2. Conditions when there are no physic a! connections between
tailings and natural water.
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transport can occur where there is an intercept between the tailings
and ground water.
Non-convective movement: transfer refers to movements due to the
combination of chemical forces directly acting upon the ions such as
diffusion and surface tensions as the result of gradients in chemical
potentials, temperature, and moisture content. Non-convective transfer
occurs predominantly where high salinities exist. Depending on the
hydrologic conditions at the tailing site and the chemical parameters
and components in the system, modes of transport and transfer of contaminants vary at locations within the tailings and from one tailing
to another. Containment technology must assess both of these processes,
(convective) transport and (non-convective) transfer, in order to
develop the necessary preventive measures.
The effects of transport and transfer mechanisms are visibly
expressed on tailings in many cases. The chemical analysis of waters
within and outside of the tailings provide the necessary data on mechanisms of movement. One of our research efforts is to identify, locate,
and distinguish between these processes within the tailings and in adjacent waters.
Effect of Salts
Salts with sulfate and chloride mainly control the transport and
transfer of contaminants. Many of these salts are deliquescent or
hygroscopic. As such, they are able to obtain moisture from both the
interstitial atmosphere of the tailings and the nearby water table.
This process combined with the dry conditions on the surface of the
tailings creates an upward flux of salt migration which in turn transports contaminants. Both radioactive and chemically toxic ions such
as U, Ra, Pb, V, Cd, and Ag move together with the major constituents
of the salts Na, Ca, K, Cl, SO4. The concentrations of contaminants in
the precipitating salts on the surface of the tailings are several times
to several orders of magnitude higher than in the underlying tailing
material.
Although our determinations of the Ra content of salts are fewer
than those of other contaminants, we find the association of Ra with
the movement o.f NaCl and other salts of Cl to the surface of the
tailings. This phenomenon is in good agreement with the experimental
studies listed in the Geological Survey Circular 814 (Landa, 1980).
The upward movement of salts and contaminants are present in all
the twenty tailings we have seen during our field investigations. These
salts and contaminants move through the protective covers and dikes of
the tailings. Profound effects of these salts have been observed:
(1) desiccation of areas with lower salt content resulting in
desiccation cracks,
(2) dehydration of snow and ice,
(3) melting of snow,
(4) generation of heat by exothermic reactions,
(5) blackening (oxidation?) of the surface of some species of
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vegetation (possibly due to oxidizing gases?),
(6) growth of crystals or precipitation nodules, and
(7) development of osmotic pressure.
Osmotic pressure is significant for two reasons. It is a mode of
transport of contaminants to the surface. It also represents a physical
force to disrupt structures such as dikes around tailings. The loosened
material becomes highly susceptible for erosion.
Active chemical reactions in tailings are also expressed by the
production of various gases. Hydrogen sulfide gas was detected in wells
on the tailings in Canonsburg, Pennsylvania, for example. Gases are
also expressed by the formation of bubbles on the surface, notably in
slime areas. The size of these bubbles ranges from a few millimeters
up to nearly a meter in diameter. The pathways of escaping gases create
flow structures in tailings materials and represent considerable physical forces.
Crystal growth or precipitation nodules clue to salts result in
volume change. Under confined physical conditions, increased volumes
may exert considerable forces. The effect of these forces have been
observed on dikes where boulders have been dislocated by growth of
crystals and on the experimental asphalt cover on part of the Grand
Junction tailings which has been broken up by growing precipitation
nodules of salts.
The long-term stability of clay minerals in the tailings and as
cover material represents another area of concern. The hydration energy
of deliquescent and hygroscopic salts may have a significant influence
on dehydration of clay minerals. Although this area has not been
investigated, it may be important. Chemical stability of clay minerals
with respect to time is also relatively unknown. Thermodynamic stability of clay minerals under the pH conditions in many tailings are very
low. Acids may attack and destroy clay minerals. The various types of
clay minerals show considerable differences in stability with respect to
pH conditions as shown in Figure 3.
Effect of Water
Intercept between tailings and surface or ground water results in
leaching and convective transport of soluble constituents of the tailings. Where the chemical parameters, pH and Eh, between the interstitial solution of tailings and the natural water differs, precipitation
of iron takes place at the interface between the low pH tailings solution and the natural water with higher pH (Figure 4 ) . With the precipitation of iron, many of the contaminants co-precipitate or become
adsorbed on the highly active surface of the iron hydroxide. This
occurrence has been observed at the interface below the tailings at
locations of chemically different waters.
Salts containing contaminants are transported by the intercepted
flows when the chemical properties between the waters of the tailings
and of intercepted flow are not significantly different. In many
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Figure 3.

Stability of common clay minerals encountered in
tailings and natural grounds.
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Figure 4.

Eh and pH conditions of tailings and soils and
their relationships to soluble iron.
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tailings, however, rather than a lateral transport process the salts
move to the surface by transfer processes.
The quantity of contaminant movement with the available water and
the effect of dilution is under investigation at present. Dilution
may play a very important role because natural water bodies adjacent
to tailings have not shown any elevated levels of contaminants at sites
investigated.
The schematics of geoohemical relationships to characterize and
model movements are shown in Table 1.
VI.

CONCLUSIONS

Inactive uranium mill tailings are in a state of chemical disequilibrium. A3 the result, intense chemical reactions are taking place in
the tailings. The most Important type of reactions and their effects
involve easily soluble salts. These salts carry contaminants, both the
toxic and the radioactive, as well as producing many physical forces.
These physical forces modify the hydrologic conditions within the tailings and have various effects on cover materials, vegetation, and geotechnical properties of the tailings materials.
Ar.y control technology of chemical neutralization of tailings for
immobilizing the contaminants, application of various cover materials,
or selection or disposal sites must consider the geochemical properties
and behavior of these materials. At our present state of investigation,
the following factors are critical in designing or employing any control
technology:
(1) A quantitative evaluation of the chemical disequilibria is
essential; it must include the quantity of components as well
as the intensity and capacity factors.
(2) It is necessary to establish the effects of salts, especially
with respect to hydrologic conditions, desiccation/dehydration
of various substances, corrosion potentials, and the forces
exerted.
(3) If new materials are to be introduced to the tailings, such as
cover or chemical treatments, they must be compatible with the
tailings materials, especially in the way that the degree of
disequilibrium is not increased.
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TABLE 1. SCHEME TO CHARACTERIZE URANIUH MILL TAILINGS/NATURAL GROUND
SYSTEMS FOR MODELING OF CHEMICAL INTERACTIONS.
1. THE CHEMICAL SYSTEM
1.1 Components:

Si-Al-Fe-Mn-Ca-Mg-Na-K-S-Cl-O-N-H-trace elements-organic
materials.
1.2 Chemical conditions;
pH, Eh (redox potential), buffer intensity (pH and Eh), buffer
capacity (pH and Eh related), ionic strength, catalysts, configuration of interfaces (electric double layers), reaction
mechanisms, activities of individual components, temperature
and partial pressures of gas phases.
1<3 Physical conditions:
Flow rates of solvent, pore volume to solid surface ratio, size
of interconnected pore space, ratio of interconnected to deadend pore volumes.
1.4 Phases;
1.4.1 Silicates of low solubility,
1.4.2 Oxides and oxyhydroxides,
1.4.3 Soluble salts,
1.4.4 Gases (various gases are intensively produced in tailings),
1.4.5 Liquids.
2.

PROCESSES
2.1 Physical transport;
2.1.1 Diffusive,
2.1.2 Convective:
2.1.2.1 Gravity,
2.1.2.2 Osmotic,
2.1.3 Capillary,
2.1.4 Surface tension/adsorptive.
2.2 Chemical phase transfer;
2.2.1 Precipitation/dissolution,
Table 1 continued on next page.
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Continuation of Table 1:
2.2.2 Sorption and ionexchange,
2.2.3 Solid solution,
2.2.4 Volatilization.
POTENTIALS (forces/energies)
3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8

Chemical,
Electroohemical,
Membrane,
Gravity,
Vapor pressure,
Temperature,
Deliquescent,
Capillary and surface tension potentials.

4. CONDITIONS OF THE ENVIRONMENT
4.1 Homogeneous environment (no potential changes in time or space):
4.1.1 Chemical environment,
4.1.2 Physical environment.
4.2 Non-homogeneous environment (potential changes as some function
of time and/or distance):
4.2.1 One-dimensional change:
4.2.1.1 Chemical environment,
4.2.1.2 Physical environment.
4.3 Heterogeneous environment (potentials randomly change in space
and time):
4.3.1 One-dimensional variations:
4.3.1.1 Chemical environment,
4.3.1.2 Physical environment.
4.3.2 Multidimensional variations:
4.3.2.1 Chemical environment,
4.3.2.2 Physical environment.
Conditions of the environment refers to parameters and conditions listed
under 1. THE CHEMICAL SYSTEM.
Table 1 continued on next page.
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Continuation of Table 1:

5. FEEDBACK SYSIEM
5.1 Single effect (affects only one variable):
5.1.1 Continuous, steady state:
5.1.1.1 Chemical effect,
5.1.1.2 Physical effect.
5.1.2 Continuous, variable:
5.1.2.1 Chemical effect,
5.1.2.2 Physical effect.
5.1.3 Random:
5.1.3.1 Chemical effect,
5.1.3.2 Physical effect.
5.2 Multiple effect (affects more than one variable):
5.2.1 Continuous, steady state:
5.2.1.1 Chemical effect,
5.2.1.2 Physical effect.
5.2.2 Continuous, variable:
5.2.2.1 Chemical effect,
5.2.2.2 Physical effect.
5.2.3 Random:
5.2.3.1 Chemical effect,
5.2.3.2 Physical effect.
Feedback mechanisms are also considered with respect to space coordinates such as single directional and multidirectional.
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DEVELOPMENT 01- A RADON MONITORING PLAN
FOR CANONSBURG, PENNSYLVANIA
William G. Yates and Phillip H. Jenkins
Mound Facili ty*
Miamisburg, Ohio

The site of the former Vitro Rare Metals Plant in Canonsburg, Pennsylvania,
was used from 1911 to 1922 by the Standard Chemical Company for a radium extraction facility. [1] The site was idle from 1922 to about 1930. From 1930
to 1942 the Vitro Manufacturing Company extracted radium and uranium salts at
the site. Operation turned to the recovery of uranium from various ores, concentrates, and scrap materials under U. S. government contracts in 1942.
This work was terminated in 1957. The site remained idle but under AEC
license until 1966. Since 1967 the site has been owned by the Canon Development Company, Inc., and is presently called the Canon Industrial Park. The
various buildings on the site are leased to tenant companies with a total of
approximately 100 employes.
In 1977, personnel from the Health and Safety Research Division of the Oak
Ridge National Laboratory (ORNL) performed a radiological survey of the
former Vitro site. They found that "large quantities of the radioactive
wastes generated during radium and uranium recovery operations still remain
on site." [1] They also found that "alpha contamination levels, beta-gamma
dose rates, and external gamma radiation levels in some areas of the buildings and outdoors on the site were above current federal guidelines concerning the release of property for unrestricted use." [1] Measurements made
offsite indicated that contamination from the site had spread to nearby offsite locations. Measurements of radon and its decay products indicated that
(I1* concentrations in some buildings exceeded current federal guidelines for
reie e of radon to unrestricted areas and (2) there was significant atmosph -c transport of radon from the site.
In 1978, personnel from DOE's Environmental Measurements Laboratory (EML) implemented an extensive monitoring program for determining concentrations of
radon and its decay products in the buildings onsite. In this program two
types of monitors were utilized, both of which were developed at EML. The
first is the PERM, or Passive Environmental Radon Monitor, which is used to
measure an average concentration of radon in air, typically in units of
pCi/liter. The other instrument, called the MOD, is used to measure an
average concentration of the short-lived decay products of radon in working
level (WL) units. Both instruments utilize thermoluminescent dosimeters
(TLD's) to integrate concentrations over a period of several days, typically
one week. These monitors are described elsewhere. [2,3]
EML's monitoring program included measurements of radon concentrations with
PERM's at four outdoor locations on the site, at eleven outdoor locations offsite, and at eight indoor locations offsite. The eleven outdoor locations
offsite included six locations within 500 m of the site, two locations between
500 m and 1500 m from the site, and three remote locations beyond 2000 m from
the site. Because of equipment and manpower constraints, monitors were
*Mound Facility is operated by Monsanto Research Corporation for the U. S.
Department of Energy under Contract No. DE-AC04-76-DPOO053.
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rotated among sampling locatiuns, and the sampling frequency at each location
was limited to one weekly average out of every three or four weeks.
In 1979, personnel from the Environmental Assessment and Planning Section of
Mound Facility, at the request of DOE's Division of Environmental Control
Technology (ECT), began the development of a comprehensive radon monitoring
program in the environment surrounding the former Vitro site. This program
is an extension of and an expansion upon the program begun by EML. The purposes of the program are (1) to determine the effect of current radon releases from the site on the radon concentrations in the surrounding environment, (2) to monitor the effects in the surrounding environment of possible
increased radon emissions from the site during remedial action, and (3) to
verify that the remedial action taken at the site was effective.
We began the development of the plan by holding discussions with personnel
from EML and ORNL, who were most cooperative in providing us with background
information pertaining to the former Vitro site and to radon monitoring techniques and instrumentation. We obtained and analyzed the data from EML's
radon monitoring program at and around the site. We also evaluated topographical maps and regional meteorological data.
We concluded that outdoor monitoring should be stressed to enable the establishment of patterns (isopleths, contour plots, etc.) of concentrations of
radon about the site. Indoor radon concentrations are highly influenced by
building materials and ventilation rates in the structure; therefore, measurements at indoor locations may have to be evaluated individually and may
show no relationship to the site itself. We concluded that the PERM, or a
similar monitor, is the most practical monitor for our application. We felt
that monitoring should continue at all outdoor locations offsite that were
established by EML, but that the following should be added:
(1) Perimeter monitors (approximately six) surrounding the site
to determine the concentration of radon ia the air when it
leav is the site. Because the radon is released as a groundlevel source, the perimeter monitors should determine the
maximum concentrations of radon offsite which are the result
of emissions from the site.
(2) One monitor at a distance of approximately 750 m from the
site in each of the sixteen wind directions. The data collected by EML thus far indicate that emissions from the
site have no effect on radon concentrations beyond 750 m from
the site, except perhaps in the direction of the prevailing
wind. This set of monitors should establish more definitively
the extent of the influence of the site.
(3) Two monitors at a distance of approximately 1000 m in the
direction of the prevailing wind to establish more definitively the extent of the influence of the site in this
direction.
(4) One remote monitor northwest of the site to include more completely the entire Canonsburg area within the inference space
to which the data apply.
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Further, these locations should be monitored on a continuous basis (one
measurement every week) to make possible comparisons among all the locations
using data collected during the same period of time.
Upon receiving approval of this plan from ECT, we purchased several RDT-310
monitors from EDA Instruments, Inc. The RDT-310 is identical to the PERM
in operation but has the following improvements: (1) it has a better appearance, (2) the interior has been designed to minimize the likelihood of
coming into contact with the electrodes, and (3) a current-limiting resistor
has been added to minimize the shock hazard should someone manage to touch
the electrodes. We began a series of calibrations of these instruments using
the radon chamber at EML. Because these instruments comprised the first production run by the manufacturer and because we required a quick delivery of
the instruments from the manufacturer, several deficiencies were identified
during the calibration tests. This necessitated several modifications to
the instruments which were performed by personnel from both Mound and EDA
Instruments, Inc. After a series of modifications and recalibrations, ve
achieved a high degree of confidence in the reliability of the instrument.
Concurrently, we began compiling a list of volunteers who would allow us to
place monitors on their properties. Many of the volunteers were obtained in
response to a press release which announced the program and asked for volunteers. Others were obtained through the efforts of members of a local citizens group. We found that many of the volunteers did not fit the criteria
established in the plan, but at several of these locations there were legitimate reasons to monitor. Two examples were (1) an elementary school close to
the site and (2) persons concerned because their properties were known to be
contaminated. Mound personnel and members of the local citizens group met
with each of the volunteers who were selected for the monitoring network
to explain the program and to secure a written agreement allowing us to maintain a monitor on the volunteer's property.
Mound implemented the radon monitoring network in the Canonsburg area in
February 1980. We presently have 38 monitors (RDT-310) in the environment
surrounding the former Vitro site. Most of the monitors are in aluminum
shelters for protection from rain, vandalism, etc. Graduate students from
the University of Pittsburgh, School of Public Health are under subcontract
to service the monitors on a weekly basis and to ship the TLD's to Mound for
processing.
Several quality assurance measures have been or soon will be implemented. Included with each RDT-310 is a second monitoring device called n Track-Etch
cup (Terradex Corporation) that is also an integrating device, but much less
sensitive than the RDT-310. The Track-Etch cups will be changed on a quarterly bajis and will be sent to Terradex for processing. This will provide
a secoiid set of radon measurements for comparison with the data from the RDT310's. We. are planning to use a small group of RDT-310's for making duplicate
measurements as another quality assurance measure. These monitors will be
moved from location to location in order to obtain approximately eight to ten
duplicate measurements at each location over a period of one year.
The processing of TLD chips requires many quality control me&tures. For example, we are following potential changes in the sensitivity of the chips with
usage by measuring the response of each chip to either a standard gamma or a
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standard alpha irradiation before each use in the environment. We are establishing a computerized data base for quality control and convenience in
handling, storing, and reporting data. Also, we are planning to construct a
radon calibration chamber at Mound for future calibrations and experiments
under various environmental conditions.
We anticipate that this monitoring program will continue until approximately
one year after the completion of remedial action at the site. As the program progresses, some modifications may be made, such as the addition of indoor monitoring and the monitoring of radon decay products using MOD's. Also,
during the course of the program, other radon measurement techniques and instrumentation may be employed as deemed necessary by ECT and Mound.
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TELEVISION RECEPTION NEAR THE WIND TURBINE ON BLOCK ISLAND, RI
Dipak L. Sengupta and Thomas B.A. Senior
Radiation Laboratory
Department of Electrical and Computer Engineering
The University of Michigan, Ann Arbor, MI U8109
I.

INTRODUCTION

A large horizontal axis wind turbine (WT) or windmill has recently been
installed on Block Island, which is about 20 km off the southern coast of mainland Rhode Island and 25 km east-northeast of Mantauk Point, Long Island, New
York. The experimental WT, designated as MOD-OA, is located on a knoll in
New Meadow Hill Swamp in the eastern central portion of Block Island, as
indicated on the map shown in Fig. 1. The island itself is 9.7 km long, and
5.6 km wide at its widest point. The population of Block Island is about
500 year round, but increases to 5000-10,000 during the summer months [1],
The present paper is concerned with the possible impact of the WT on the
reception of the- TV signals on Block Island. To ascertain and estimate the TV
interference (TVl) caused by the WT, a number of tests were performed over a
period of two weeks during the month of October 1979. Tests were conducted by
receiving commercially available TV signals at selected sites in the vicinity
of the windmill. The following sections describe these on-site tests, and
discuss some selected results obtained and their implications. Detailed
results are reported in [2],
II.

DESCRIPTION OF THE WT AND THE TEST SITES

A sketch of a MOD-OA series windmill similar to the one installed on
Block Island is shown in Fig. 2. It is a large horizontal axis machine with
a two-bladed propeller-type rotor and generator assembly mounted on a steel
truss tower. The two aluminum blades are aerodynamically tapered with a
fixed coning angle of 7°. The immediate vicinity of the WT site is shown in
Fig. 3. There are no residences within 170 m of this site, and this is also
the theoretical throw-distance in the event of tlie windmill blade failure [l].
The WT is integrated with the Block Island Power Company's power plant
»nd supplies electricity to the existing utility network. It generates a
maximum of 200- kw AC power in winds of 31 to 55 km per hour. Above 55 ton per
hour, the blades are feathered and braked to stop the machine. During periods
of low wind (l3-l6 km per hour), the blades are also feathered and the machine
is shut down. In operation, the windmill blades normally rotate at a speed
ranging from 20-i+0 rpm depending on prevailing wind speed. It is appropriate
to mention that the prevailing wind directions on Block Island are east and
west.
Measurements were made at a number of test sites in the vicinity of the
WT, as indicated in Fig. 3. At test site 1, located 0.2U km from the WT, it
is planned to install the antenna assembly ('head end') of a cable TV (CATV)
system for receiving the TV signals available on Block Island and subsequently
cabling them to the local people. Since a knowledge of the WT-generated interference at this site is particularly important, a major portion of our
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BLOCK ISLAND

Figure 1. Map of Block Island.
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Figure 2.

Sketch of a MOD-OA series wind turbine.
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Figure 3. WT s i t e v i c i n i t y map.
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investigation was conducted here. Site 3 is about 0.37 km from the WT and is
located such that forward region interference (to be described later) could be
measured for some TV Channels. Two residential homes are located near the sites
h and 6, distance of 0.37 and O.k km, respectively, from the WT. Some initial
tests were also carried out at another home, marked site 7 in Fig. 3, located
about O.k km from the WT.
III.

TV INTERFERENCE PHENOMENA

For a better appreciation of the various tests and results to be
discussed later, a general discussion of the TV interference phenomena near a
windmill is given in the present section. In our previous investigations, the
interference to TV reception caused by large horizontal axis windmills has been
identified and quantified by comprehensive theoretical and experimental studies
[3,^]. It has been found that the rotating blades of a windmill act as a timevarying multipath source to produce pulse amplitude modulation of the total signal
received in the vicinity of the machine. For a receiving antenna so located
and oriented as to pick up the specular or forward scattering off the rotating
blades, this extraneous modulation, if sufficiently strong, can distort the video
portion of a TV signal reproduction. At a given distance from the WT, the
interference increases with increasing frequency and is therefore worst on the
upper UHF TV Channels; it also decreases with increasing distance from the windmill, but in the worst case (and with a non-directional receiving antenna) can
still produce objectionable video distortion at distances up to a few kilometers
[5]. For ambient or primary signals above the noise level of the TV receiver,
there is in general no significant dependence on the receiver used, and no audio
distortion has been observed.
Generally, the nature of the interference depends on the location of the
receiver with respect to the WT, the state and orientation of the blades, and
the direction of arrival of the primary signal. When the windmill blades are
stationary, the scattered signal may appear on the TV screen as a ghost whose
position, or separation from the main picture, depends on the difference between
the time delays suffered by the primary and scattered signals. A rotation of the
blades then causes the ghost to fluctuate, and if the ghost is
sufficiently
strong, the resulting interference can be quite objectionable. In such cases,
the received picture displays a horizontal jitter in synchronism with the blade
rotation. As the interference increases, the entire (fuzzy) picture shows a
pulsed brightening, and still stronger interference can disrupt the TV receiver's
vertical sync, producing picture break-up. This type of interference occurs
when the interfering signal reaches the receiver primarily as a result of
specular scattering off the broad faces of the blades, and is called backward
region interference. In the forward scattering region when the WT is almost in
line between the TV transmitter and the receiver, there may be little or no
difference in the times of arrival of the primary and scattered signals at the
receiver, and the video interference then appears as an intensity (or brightness)
fluctuation of the picture in synchronism with the blade rotation. This type
of interference is termed forward region interference. In both cases, the
amount of interference depends on the strength of the scattered signal relative
to the primary one, and this decreases with increasing distance from the WT.
Since each blade of the M0D-0A machine contributes individually, the resulting
interference occurs at twice the rotation frequency of the blades.
The backward region interference shows no significant dependence on the
ambient signal strength and appears to be independent of the reciever if the
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signal is well above the noise level of the receiver. Interference is observed
only when a blade is positioned to direct the specularly reflected signal to
the receiver. The aximuth and pitch angle of the blades are therefore key
factors affecting the level of interference, and for any given transmitter and
receiver locations, interference can occur only if the wind is such as to
position the windmill appropriately. In the forward region, however, the
interference does depend on the ambient signr.l strength, and a receiver located
in a lew signal level area is more vulnerable to this type of interference.
From laboratory simulation experiments [3,^] it has been established that
the video distortion is still acceptable as long as the ratio of the scattered
and primary field amplitudes at the receiver, i.e., the modulation index (m)
of the total received signal, is such that m < m = 0.15. For m > m the
o
— o
resulting distortion is unacceptable. On the assumption that the WT blades
are oriented to direct the maximum scattered signal to the receiver, the region
where m >_ m is defined as the interference zone of the windmill [^,5]. That
portion of the zone produced by specular reflection off the blades is approximately a cardioid centered at the WT with its maximum pointing towards the TV
transmitter. There is also a narrow lobe directed away from the transmitter
resulting from forward scattered off the blades.
A method has been developed [5] to calculate the interference zone of
a given WT for any TV Channel. A typical TV interference zone of a MOD-OA WT,
with omnidirectional receiving antenna, is sketched in Fig. h which indicates
that the backward interference region is larger in area than the forward while
the maximum interference distance r^ in the former is smaller than the distance
r 2 in the latter. For TV Channel 53, rx = 1 km and r 2 = 2 km with m = 0.15.
However, our recent investigations [6] indicate that forward interference
distance should be reduced by at least a factor of two or more depending on the
ambient level of the received signal. From these results it can be seen that
the backward interference region of a WT is of primary concern. It should be
mentioned that the shapes of the interference zones are independent of the
TV Channel numbers but their size increases with increasing TV Channel number.
Finally, the fact that a receiver is located within the interference zone does
not necessarily mean that it will experience TVI during the entire viewing time.
A method has been developed [7] to estimate the percent viewing time during
which unacceptable video distortion may occur by taking into account the
relevant statistical parameters, e.g., wind speed, direction, etc. For
exmaple, the probability of observing no significant interference on Channel
53 on Block Island at a distance of only 0.5 km northwest of the WT is about

0.9 [7].
IV.

EXPERIMENTAL ARRANGEMENT AND DESCRIPTION OF MEASUREMENTS

The experimental set-up for performing the various tests is shown in
Fig. 5 where only those components which are pertinent to the data collection
have been included. With any given TV transmitter, a portion of the signal
is scattered off the WT blades and this, together with the desired signal,
was picked up by the receiving antenna and fed to a spectrum analyzer and a
TV receiver.
The receiving antenna used was a commercially available receiving
antenna designed to cover the entire band of TV frequencies. The input impedance
of the antenna is about 150 S3 at the midband frequencies, and it has a nominal
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Figure h.

Calculated TV interference region of a MOD-OA WT for TV Channel 52.
Transmitter-to-WT distance = 120 km; receiving antenna omnidirectional.
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Figure 5- Schematic block diagram of a typical on-site measurement setup.
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"gain (with respect to isotropic) of 7 dB and h dB in the VHF and UHF bands,
respectively. The pattern of the antenna varies significantly over the TV
Channel frequencies; however, the antenna maintains side-lobe levels (including
back-lobe) of about -10 dB over the entire band.
The spectrum analyzer was tuned to the audio carrier frequency of the
desired signal, and its vertical output was recorded on paper tape for later
evaluation. This provided a recording of the total signal level received
as a function of ti~e, including any modulation produced by scattering from
the windmill blades. The TV receiver used was a 1976 Zenith model 17GC^5
which has been rated superior for its rejection of interference [8]. The
received TV program was observed to see if there was any video distortion.
There was also provision to record the observed interference on the TV screen
if so desired; this was accomplished with a TV camera in conjunction with a
video recorder, not shown in Fig. '?. The test instruments were powered from
the commercially available 60 Hz power supply.
At a test site, the above set-up was used to conduct some or all of
the following types of measurement:
(i) Field Strength: The strength of the available signal was measured
by pointing the main beam of the receiving antenna towards the TV transmitter
so that a maximum output was obtained from the spectrum analyzer which then
yielded the field strength in dBm (dB above a milliwatt).
(ii) Antenna Response in Test Environment: For a given TV signal, the
output of the spectrum analyzer was obtained as a function of the antenna beam
pointing direction with the WT blades rotating and without. The results
obtained from these measurements contained substantial information, and were
used to judge the following: (a) the horizontal plane pattern of the antenna
in the actual test environment, (b) the effect of the windmill and/or its blade
rotation on the received signal and (c) an estimate of the amount of signal
modulation caused by the blade rotation.
(iii) Static Scattering: With the blades locked in a desired position and
the WT yawing in azinmth through 360°, the TV signal scattered by the windmill
was measured with the antenna pointing at the WT. These measurements gave the
maximum blade-scattered signal that could be received at a given site and for
a given TV Channel.
(iv) TV Interference (TVl): The TVI measurements were conducted with the
antenna beam positioned to receive the desired TV signal. With the windmill
blades rotating, the spectrum analyzer output was recorded as a function of
time, and, at the same time, the received picture on the TV screen was observed
for video distortion.'
As mentioned earlier, the signal scattered by a rotating blade combines
with the direct signal to produce an amplitude modulated signal at the inputs
to the sptctrumanalyzer and the TV receiver. Thus, as a function of time,
the output of the spectrum analyzer varies above and below the ambient signal
level, and it is conventional to quote the total variation (A) of the received
signal amplitude in dB from which the amplitude modulation index (m) can be
obtained using the relationship A = 20 Iog 10 (l+m/l-m). Usually, a total signal
variation greater than or equal to 2.6 dB (m >_ 0.15) causes unacceptable video
distortion for backward region interference [2,3]; however, it should be
mentioned that barely visible but acceptable distortion may occur even for
A < A = 2 . 6 dB. For forward region interference, the corresponding value of
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A

is larger, and can be as large as 6.5 dB (m - 0.35) [7] for ambient signals

of the order of -60 dBm or more, but smaller for weaker ambient signals.
During the TVI measurements, the observed picture distortion was video
recorded whenever this was thought to be desirable.
In a few instances TVI measurements were also carried out by pointing
the antenna beam at the rtoating WT. This was done to simulate the worst
possible situation of a directional antenna wrongly oriented and the interference in such cases was generally quite high.
(v) Threshold TVI: In addition to the experiments described in (iv),
some measurements of the threshold (maximum acceptable) level of interference
on a given TV Channel were performed as follows. With the blades rotating,
data were collected in a manner similar to that described in (iv) but with
the antenna oriented so that the maximum acceptable video distortion was
observed on the TV screen. These results were obtained primarily for
comparison with those of a previous study [3].
V.

AVAILABLE TV SIGNALS

A number of commercial TV signals are available for reception on
Block Island. The directions of arrival of these signals with respect to
the WT are shown in Fig. 6 where we have also indicated the approximate
distances to the transmitters and their locations. The circled numbers are
the TV Channel numbers. Figures 3 and 6 can be used to determine whether a
test site is in the backward or forward part of the WT zone for a given TV
signal.
The field strengths of the available TV signals were measured at the
test sites with the receiving antenna located it. 6 m above ground. Typical
results obtained at site 1 are shown in Table 1, and in the cases where no
Table 1.
TV Channel

Wo.
2
3

Field Strengths of Available TV Signals at Site 1

Audio Carrier
Frequency (MHz)

59.75
65-75

Distance of the Transmitter

from WT (km)

129
105
129
129

It

71.75

5
6
7

81.75
87.75
179.75
185.75
197.75
209.75
553.75

105

38

607.75
619.75

129

53
56

709.75
727.75

56
129

8
10

12

27
36

156
129
105

6k
6k
6k

Field Strength

(dBm)

-8k
-82

-86
-52
-81
-88

-66
-66
——
-90
-62
_—

value is given the received field strength was too low (below the noise level
of the spectrum analyzer) to allow meaningful reading to be obtained.
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® & •&
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Figure 6.

Location of the available TV signal transmitters with
respect to the WT. Circled numbers indicate TV Channel
numbers.
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While some individual antennas can receive all nine VHF and five UHF
TV Channels shown in Fig. 6, the results of Table 1 indicate that the reception
quality if generally poor on Block Island [l]. In fact, the entire island is
in either the fringe or deep shadow reception area for all of the available
TV Channels [Note: with transmitting and receiving antenna heights of 300 m and
10 m, respectively, the distance to the radio horizon is about 73 km].
Because of the low field strengths on the island, the height of the
receiving antenna used has a significant effect on the signal strength and,
hence, on the quality of the received pciture. The typical height of a TV
antenna mounted on the roof of a home is 10 m, and this is much smaller than
the height of the WT blades. The blades are therefore exposed to a stronger
field than the home-owner's antenna, and this could lead to a WT-scattered
field of the same order as the primary signal, resulting in unacceptable video
distortion at that site. The possibility of this occurring was indicated by
early theoretical calculations [l], and was the reason for the decision to
install a CATV system to ensure interference-free TV reception on the island.
VI.

SELECTED RESULTS

The received field strengths on Channel 6 as functions of the antenna
rotation, obtained with and without the WT blades rotating, are given in
Figs. 7(a) and 7(b), respectively, where the effects of the WT blade rotation
on the received signal are clearly evident. With the antenna beam pointing
in the direction of the distant transmitter, the WT blade produces about
0.U dB variation in the received signal, but with the beam directed towards
the WT, a significantly larger variation of about 8 dB occurs. Similar results
were obtained for TV Channels 10, 12 and 53.
The total received signal as a function of time with the antenna beam
pointed in the direction of the TV Channel 6 transmitter and the WT blades
rotating at kO rpm is shown in Fig. 8. The modulation pulses due to the
blade rotation occur at 0.75-sec. intervals, i.e., at half the rotation period
of the blades. The total signal variation caused by these pulses is about
0.6 dB (m = 0.03), and this produced a barely visible amount of video distortion
of the received picture. Although this distortion was judged to be acceptable
for ordinary viewing, it may not be acceptable for CATV transmission purposes.
Similar results obtained on Channel 6 but with the antenna beam pointed
towards the operating WT are shown in Fig. 9 where the expanded time scale
results are given so that the modulation waveform of the received signal may
be judged. In this case it was found that the modulation produced by the
blade rotation was quite strong and caused about 12 dB (m = 0.59) total
variation of the received signal (compare with Fig. 8 ) . With such a large
extraneous modulation, very strong (and naturally unacceptable!) video
distortion of the received picture was observed. The results given in
Figs. 8 and 9 are quite similar to those obtained in our previous studies
reported elsewhere [3,^].
With the antenna beam pointed in the direction of the desired TV
transmitter, signals received on Channels 10 and 53 contained insignificant
amounts of modulation and, consequently no interference was observed in the
received pictures for these Channels. However, when the antenna beam pointing
direction was moved away from the desired transmitter by an appropriate amount,
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15IT

Figure T(a).

Strength of TV Channel 6 signal received at site 1 vs.
antenna rotation angle in degrees (or time: 1 division
= 1 second). Antenna height = h.G m; WT blades rotating.

150°

Figure 7(t>).

Strength of TV Channel 6 signal received at site 1 vs.
antenna rotation angle in degrees (or time: 1 division
= 1 second). Antenna height = k.6 m; WT blades stationary.
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observable TVI effects vere obtained on the received pictures for these
Channels. Figure 10 shows the results obtained at site 1 for Channel 10.
Since detectable TVI effects were observed on Channel 6, and since
these effects were judged unacceptable for the proposed CATV system, further
tests were conducted on Channel 6 to determine the specifications which the
receiving antenna must have to make the interference insignificant. The
results shown in Pig. 8 were obtained with the antenna oriented such that the
direct and WT-scattered signals were received via the main-beam maximum and
the back lobe of the antenna, respectively. By slightly rotating the
antenna, it was possible to control the received strength of the scattered
signal relative to the direct. In this manner, it was established that no
TVI effects would be observed if the scattered signal is about 15 dB below
the direct one. Based on this finding, it is argued that with a properly
directed receiving antenna having a side and back lobe ratio of -15 dB or
better, no TVI effects will be observed on Channel 6.
Site 3 was suitable for forward region interference measurements, i.e.,
the antenna received the direct and scattered signals from approximately the
same direction (see Figs. 3 and 6). Typical results obtained at Channel 12
are shown in Fig. 11 where the occurrence of almost constant amplitude
modulation pulses is indicative of the forward region type of interference.
Although the modulation pulses are visible in Fig. 11, the pulse amplitude were
not strong enough to produce any significant distortion of the TV picture.
Even with the antenna pointed towards the operating WT, no significant
TVI effects were observed at site k for any TV Channel. Received TV Channel
53 signal vs. tite is shown in Fig. 12 which indicates modulation pulses are
of the order of 2 dB; at this site the receiver being located in the forward
region of interference, no appreciable TVI effects were observed on the received
picture.
During the initial part of our study, a home was selected near site 7
(see Fig. 3 ) , about O.k km away from the WT. The owner was using a 'rabbitears' type of indoor antenna and, consequently, the received picture was
very snowy, indicative of an extremely low signal level. It was observed that
with the windmill blades rotating, video distortion due to the WT occurred on
all of the available TV Channels, and that generally the interference
synchronized with the vertical position of the blades.
At a home near site k and with our receiving antenna oriented to receive
the desired signal, the total received signal as a function of time was
recorded and the TV picture observed on the owner's RCA XL-100 set with TV
Channels 6, 10, 12 and 36. We saw no detectable modulation pulses in the
spectrum analyzer output; and no detectable distortion of the received
pictures.
At a home near site 6 interference tests were conducted on Channels 30
and 53 using the homeowner's TV set model RCA XL-100 with an outdoor bow-tie
type of UHF antenna. For both Channels the received signal strength was weak
(-85 to -88 dBm). The signal variations of the spectrum analyzer output were
about 3 dB, and these produced a fairly strong distortion of the received
picture.
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VII.

GENERAL DISCUSSION OF MEASUREMENTS AND RESULTS

Electromagnetic interference to television reception caused by the
MOD-OA WT at Block Island has been studied by carrying out a number of
on-site measurements at selected test sites and residential homes in the
vicinity of the operating windmill. The commercial TV signals available
on the island were used as the RF sources. The main findings from the
measurements may be summarized as follows:
(i) Block Island is a poor reception area for all of the available TV
signals. The ambient signals are weak, and the received picture is generally
snowy and of poor quality.
(ii) Using a home-owner's "rabbit-ears" type of antenna, unacceptable
interference has been observed on all TV Channels at a home located about
0.4 km from the WT.
With a moderately good receiving antenna having a front-to-back ratio
of about 10 dB, unacceptable interference have been observed on Channel 6 at
a site 0.24 km from the WT in the backward part of the interference zone.
At this site it was also found that the observed interference could be made
insignificant by uf.ing an antenna whose side and back lobes are >_ 15 dB down;
with this antenna t.o objectionable backward region interference would occur
at distances > 0.24 km.
At another home 0.37 km from the WT and located in the forward region
of interference, unacceptable interference has been observed on Channels 30
and 53 when using the home-owner's "bow-type" outdoor UJF antenna.
(iii) Using an antenna having 10 dB front-to-back ratio and located 4.6
m above ground, unacceptable interference has been observed at the proposed
CATV site located 0.24 km from the windmill. However, detailed measurements
showed that the site would be acceptable for a u'ATV antenna installation
provided the antenna system has side and back lobe levels which are at least
15 dB doen. It is doubtful if any site closer to the WT would be acceptable,
and it is preferable to have the site further away.
Overall, the above results are consistent with those of our previous
studies [3,4].
VIII.

CONCLUSIONS

With a poor antenna (such as "rabbit ears") or a good directional
antenna incorrectly oriented, the interference on some TV Channels could
extend to 1 km and more from the WT. There are a number of homes located
within 0.5 km of the WT and some as close as 0.2 km. Most are in the backward portion of the interference zone, but within 1 km of the WT there are
many homes whose TV reception could be adversely affected.
Our measurements indicate that a properly oriented directional
antenna having side and back lobes at least 15 dB down could provide
interference-free reception at those homes 0.2 km or more from the WT that
are in the backward region. At distances less than 0.2 it would be difficult,
if not impossible, to avoid the interference even with the best antenna. In
addition, there is also a handful of homes which are up to 0.5 km from the WT
and in the forward region, and for these the TVI problem would not be
rorrected by the use of a good antenna.
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In this sense, therefore, the installation of a CATV system is
justified, particularly since the decision had to be made without benefit of
the above results, and even prior to the pertinent results obtained from our
earlier studies [3,k,5].
The present tests justify the provision of CATV
service at all sites within about 1 km of the W T , but the data does not
substantiate the need at distances greater than 1 km. At these greater
distances, any TVI could be avoided by the correct use of even a moderately
good antenna.
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ENVIRONMENTAL EFFECTS OF SMALL WIND ENERGY CONVERSION SYSTEMS
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I.

Introduction

Until recently, environmental research for wind energy conversion systems
(WECS) has focused primarily on designs with power ratings of 100 kW and above.
This research is designed to complement the U.S. Department of Energy's (DOE)
large WECS technical systems' development program. Environmental research
activities now have been expanded to include small wind systems (SWECS), whose
designs are undergoing extensive technical testing at the DOE's Rocky Flats
Small Wind Systems Test Center near Golden, Colorado.
As part of the environmental research program, the Solar Energy Research
Institute (SERI) assessed the potential environmental effects of SWECS. The
environmental assessment focused on SWECS in three power rating categories:
2, 8, and 40 kW. Manufacture of SWECS for electricity generation was about
750 units in 1975 and 1,150 units in 1976 (1). Production in 1979 is estimated
at about 1,500 units, of which about 95% are rated at 8 kW or less.* Only an
extremely small fraction is larger than 40 kW. Thus, examination of SWECS
rated at 2, 8, and 40 kW provided information on environmental effects for
virtually all SWECS that might be deployed in the near term.
Environmental effects can occur throughout a technology's life cycle.
For the purposes of this analysis, the life cycle of SWECS was divided into
three phases: system manufacture and installation; operation and maintenance;
and decommission. Potential environmental effects associated with each phase
are reviewed in Sections II, III, and IV, respectively. Section V provides
a summary.
II.

Environmental Effects of SWECS Manufacture and Installation

Energy systems' potential for affecting the human and physical environment
results not only from operation and maintenance of the systems, but also from
manufacture and installation procedures. For many of the solar energy options,
including SWECS, environmental effects (from air and water pollutants and solid
wastes) occur primarily during manufacture and installation phases.
Identification of environmental effects requires knowledge of avenues of
impact; i.e., pollutant emissions. Estimations of the kinds and quantities
of pollutants depend on the types of materials required for SWECS manufacture,
and on the nature of the fabrication process. Thus, determining the quantities
of materials necessary for SWECS manufacture is a critical first step in
assessing the environmental effects of the first phase of the system's life cycle.

* Unpublished SERI market survey, 1979.
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As previously noted, SWECS in three power rating categories (2, 8, and 40
kW) were selected for examination. Data on materials required for manufacture
of the SWECS were provided by the Rocky Flats Wind Systems Group. These data
were for nine designs being developed under contract to Rocky Flats. From
these data, a range of materials quantities was compiled for each power rating
category. A range of quantities was used because 1) materials requirements
for various SWECS designs (e.g., horizontal and vertical axis rotors) are
encompassed within the range, and 2) changes in SWECS designs to improve
performance and/or reduce costs wxll probably produce designs falling within
that range.
Materials data ranges for the three SWECS power categories are shown in
Table 1. Data in the first column are in pounds required for manufacture of
a single wind machine. Materials required for manufacture of 2500 SWECS per
year in each power rating category are shown in the second column. These
figures are compa -i with projected 1985 domestic production capacity and
projected demand for each material in other uses. As indicated in Table 1,
significant SWECS production levels would represent an insignificant
percentage of both domestic production and demand in 1985. For all the
materials shown in Table 1, demand for manufacture of 2500 units in each of
the 2, 8, and 40 kW power rating categories (7500 total) would not exceed
0.5% of projected U.S. 1985 production capacity. It is, therefore, extremely
unlikely that material constraint problems will develop in the near term for
the SWECS industry.
Acquiring raw materials, processing them into industrial materials, and
fabricating SWECS from them will generate pollutants. Based on the materials
shown in Table 1, air emissions associated with mining and processing the
materials inputs were estimated. Emission factors (e.g., pounds of particulates
emitted per ton of steel produced) were applied to the materials quantities.
Because industrial emission control is expected to become more stringent with
time, it was assumed that the materials industries were using best available
control technologies (BACT).
Emission estimation results are shown in Table 2. Estimates for both
the low and high points of the materials requirements range are shown.
Emission levels attributable to processing materials for SWECS manufacture
relative to total industry releases are proportional to the materials usage
estimates shown in Table 1. Thus, manufacture of 7500 SWECS units annually
would create a national pollution increase of at most 0.5% for the industries
which supply materials for SWECS manufacture. For most pollutants, the
release would be only about 0.1% above levels in 1985 attributable to
processing the materials listed in Table 1 for other demands. Production of
the wind systems from industrial materials (e.g., sheet metal) will probably
occur in a high volume metal fabrication facility (5).
The primary source of particulates is the production of concrete, which
involves manufacture of cement, acquisition of sand and gravel, and batching
of the concrete. Sixty-seven to 73% of sulfur oxide (SO ) releases are due
to copper processing. The cement industry may make significant contributions
to SO levels depending on amounts required relative to other materials.
Nitrogen oxide releases occur almost exclusively from the processes of the
cement industry. The steel industry is the primary contributor of carbon
monoxide, although production of fiberglass will also result in very small

Table 1. Materials Requirements for SWECS Manufacture'i)
Lbs.
b)
Unit

Tons per
2500. .Unlts/yr1.b)

Percent of Estimated
U.S. (lQftSV.
Demand
Production

2 kU
.001
0 - .03
0 - .009
.002
.002
NA

.001
0 - .002
NAC>
.002
.002
NA

.003 - .006
.0002 - .005
NA
.003 - .004
.003 - .004
.14

Cement

0-27
1752

Copper
Wood

40
27 - 44

1569-1606
0 - 219
0-34
2190
50
34 - 55

3261-7072
20 - 500
15 - 35f

4076-8840
25 - 625
19 - 438

.003 - .007
.004 - .09

2637-4398
70 - 80

3296-5498
88 - 100
0-38

.003 - .005
.004
.51

Steel
Aluminum
Fiberglass

1255-1285
0 - 175

8 kW
Steel
Aluminum
Fiberglass
Cement
Copper
SamarIan/Cobalt

0 - 30

.005 - .11

40 kW
Steel

12980-17706
0 - 1050
0 - 1030

.01 - .02
.01 - .02
0 - .19
0 - .012
NA
Fiberglass
0 - .32
Cement
1142-30704
.001 - .029
1428-38380
.001 - .038
Copper
100
.005
125
.005
Source: Developed by SERI based on SWECS materials data provided by the Rocky Flats Wind System Croup,
Golden,. CO., and industry production data in Bureau of Mines, 1975, [2 J and F.RDA 1977 [ 3 ] .
Data ranges are based on several specific SWECS designs in each power category and includes materials for
towers, working parts and bases; not a l l material types ( e . g . , fiberglass, wood) are used for every d«sign.
!!A - Not Available
Pe'i'ilred for fabrication of magnets.

Aluminum

16225-22133
0 - 1313
0 - 1288
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Table 2.

Emission Releases From Manufacture of 2, 8, and 40 kW SWECS

Total Tons Per Year From Manufacture of 2500:
2-kW
8-kW
40-kW
SWECS
SWECS
SWECS

EMISSION
Particulates
SO

6.93 - 7.85
18.09 - 18.10

24.56

20.51 - 105.77

30.42 - 39 .24

34.89 - 129.76

12.43 -

X

N0b)

2.86 - 2.91

4.34 -

7.83

3.18 - 51.22

1.41 - 1.42

3.67 - 7.96

14.60 - 19.92

X

CO
Gaseous Fluorides (HF)

0 - 0.03

Particulate Fluorides

0 - 0.04

c)
- 0.08

0 - 0.16

neg. - 0.13

0 - 0.27

neg.

a)
Source: Developed from materials data in Table 1 and emission factors
published in (4); estimate ranges correspond to ranges in Table 1;
industrial use of best available pollution control technology (BACT)
is assumed except for NO .
NO emissions are uncontrolled; data on BACT removal rates were not
available.
c)
Neg. = negligible, <0.01 tons.
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releases. Annual releases of fluoride compounds are insignificant (<.269 tons
gaseous hydrogen fluoride and .436 tons particulate fluorides) on a national
basis, and come entirely from the aluminum industry.
Increases in pollution from a near quadrupling of the SWECS industry (i.e.,
to an annual production level of 7500 units) are very insignificant nationally,
but may not be so regionally or locally. Expansion of production levels to
supply materials to the SWECS industry may not be distributed among all
industrial facilities. Thus, increases in pollutant releases may be regionally
concentrated and therefore produce regional specific environmental effects.
However, the magnitude of incremental effects are still a function of the
regions' industrial activity in the affected materials categories.
SWECS will arrive at the deployment site in prefabricated form.
Installation will involve preparation of the site (pouring of foundation, and
perhaps leveling and grading); erection of the tower and placement of the
rotor and nacelle; electrical interconnection with the end user (e.g., with a
residence); and, possibly, tying in with the local utility grid.
Because the SWECS arrive in prefabricated form, the time required for
installation is fairly short. Potential impacts from on-site assembly include
accidents to workers and potential disruption of local ecosystems from site
preparation. However, ecological effects resulting from installation of a
SWECS near a home or farm should be extremely minor to negligible. The number
of workers and amount of site preparation required for SWECS installation will
depend upon the physical deployment location; i.e., whether the SWECS is
erected near the home on a tower requiring a concrete foundation, on a rooftop,
or elsewhere.
The labor requirements for installation of a SWECS will depend on 1) the
amount of site preparation required (grading, concrete foundation pouring, etc.);
2) the design of the tower; 3) size and weight of the machine; and 4) whether
the turbine is placed on the tower prior to or after tower erection. Few
published data are available on the labor amount and skill requirements for
SWECS installation. One source (5) indicates installation of a 1 kW SWECS will
require 7-8 days for one engineer and one semiskilled worker (a total of 14-16
person-days). It is unclear whether site preparation is included in this
estimate. Industry estimates vary due to the four factors mentioned above.
For example, an Enertech 1500 is normally installed by three persons in four
days (12 person-days) (10). Installation of a SWECS with an octahedron style
steel truss tower is estimated to require three men 1-2 days after the
foundation has been prepared. This time would drop to one day with the use of
five installers. Erection of an 8-10 kW SWECS where the turbine and columnar
tower are assembled on the ground and hoisted as one unit could require as
little as four hours (after foundation preparation) using three installers.
Placement of a SWECS on a rooftop will not require additional land use.
Installation of the SWECS near the end use site will require commitment of
land for the base, and possibly for a safety exclusion zone. SWECS rotor
designs must be matched with the proper tower designs to avoid torsional
stress when the system is operating. Tower designs vary in their site
preparation and foundation requirements. For example, land use for a 2 kW
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2
2
SWECS may vary from 35.4 ft to 196 ft , depending upon the area of the
concrete pads required for the tower. Representative measurements of SWECS
land use at the Rocky Flats Small Wind Systems Test Center are shown in
Table 3. Information on machine size and tower design is also provided.
These representative land use figures do not include safety zones (which may
or may not be necessary), or guy wire attachment points. In addition, the
size of concrete pads at the Test Center may be larger than those used in
commercial installations.
III.

Environmental Effects of SWECS Operation and Maintenance

The operational phase makes up nearly all of the 20-30 year life of a
small wind machine. This phase has received the most attention in previous
environmental studies of wind systems. However, all of these assessments
and data collections have concerned the operational phase of large wind
machines (>100 k W ) . Several potentially annoying environmental effects from
large machines have been identified, but these may not be problems for
residential machines because of their much smaller size.
No air pollutants are emitted during the operational phase of wind energy
systems. Indeed, this must be considered one of the greatest environmental
benefits of generating power from wind. Likewise, since no fuel is required
for wind-generated power, secondary emissions from the mining and refining of
conventional fuels are eliminated. Effects on downwind air quality from
micrometeorological changes caused by placement of the structure and movement
of the wind turbine blades were measured at the 100 kW NASA/Lewis wind machine
(6). The inherent variability in the natural environment was found to be
far greater than the very minimal influences on the microclimate in the
zone immediately downwind of the machine. Because they are considerably
smaller, residential wind machines are expected to have no measurable effect
on the microclimate.
No environmental effects on water quality are evident during the
operational phase of SWECS. This must be considered as another environmental
benefit of generating power from wind. No steam is required to drive turbines,
nor is water required for cooling or other consumptive purposes. In addition,
no water is required for the mining and refining of fuel. This is an
especially attractive benefit in arid regions.
Effects of wind systems operation on plant and animal life have been
assessed only for large systems (6-9). These effects were found to be
minimal and highly site-specific. The possibility of flying species colliding
with wind machine blades and towers depends on several factors: 1) solidity of
the rotor design; 2) airfoil design; 3) number of organisms flying through
the sweep area; 4) behavior of organisms within the sweep area, e.g., flight
speed, evasive flight patterns, etc.; 5) weather conditions; and 6) toral
structural height. The odds of colliding with a wind machine should be
extremely small, especially when considered in the context of the natural
hazards which these species face during their life. The only exception
might be if a very large wind machine were placed along a migratory route.
The possibility of collision with small machines obviously should be significantly
lower than for large machines. Field observations and experiments were conducted
at the 100 kW NASA/Lewis machine to assess potential collision of birds and

Table 3.
POWER
RATING

DESIGN OF:
TOWER
ROTOK

1 kU

3 blade .
HAWT
'

1.5 kW

3 blade
UAWT

TOWER
HEIC1IT

SWECS Land Use
TOWF.R AND
PLATE AREA

CONCRETE
1"AD(S) AREA

TOTAL LAND
USE

columnar,
steel truss

55 fL

2.6 ft.2

16 ft 2

16 ft"

vlumnar,
wood

40 Tt

1.2 ft2

7.1 ft 2

7.1 ft2 +
guy wires

2 kW

2 blade
HAWT

columnart
steel truss

40 ft

2.25 ft2

81 ft 2

81 ft2 +
guy wires

2 kW

3 blade
11AUT

steel truss

40 ft

27.6 ft2

9.3 ft 2

35.4 ft2

2 kW

3 blade
VAUT

steel truss
octahedral

55 ft

28 ft2

196 ft 2

196 ft2

columnar
steel truss

55 ft

5.25 ft2

36 ft 2

36 ft2

2 kH

multi-blade
"bicycle" style
1\AWT

10 kW

3 blade
HAWT

columnar•
concrete

55 ft

15 kH

3 blade
HAWT

columnar*
concrete

55 ft

40 kU

3 blade
HAWT

columnar,
steel

40 ft
RANGE:

47.25 ft2

21.3 ft 2

C)

65ft2C)

28.3 ft 2

28.3 ft2

29.3 ft2

400 ft 2

400 ft 2

1.2 - 47.25 ft 2

7.1 - 400 ft2

2

2

7.1 - 400 ft

16.3 ft
88.3 ft
96.1 ft 2
a)Source: Physical measurements by SER1 at the Rocky Flats Small Wind Systems Test Center.
b)HAWT = Horizontal axis wind turbine; VAWT - Vertical axis wind turbine.
c).Total land use equals tower and plate plus 5/6 of concrete pad area since 1/6 of concrete pad area
is under the Cover itself.
MEAN:
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insects. No significant effects were found, but the machine was operative for
only 10% of the nighttime hours of two migratory seasons. Because of the small
total height of SWECS, they should present no significant hazards to migrating
birds. The environmental effect of an operating wind machine on land-dwelling
animals should also be negligible except for the very small amount of habitat
displaced by the tower base and foundation.
Noise emissions from large wind machines have elicited some concern.
These sounds are produced by the normal operation of components in the machine's
nacelle and by rotation of the blades. The only published field measurements
that have been made were taken at the 100 kW NASA/Lewis machine and the 5-meter
Darrieus vertical axis machine at the Sandia Laboratories. In the former case,
a maximum audible sound level of 64 dB(A) was measured. NASA/Lewis also
estimated that, with measured background noise at 52 dB(A), the sound produced
by the large wind machine would be indistinguishable from background noise at
about 800 feet from the machine (7). Measurements of infrasound (i.e.,
frequencies below the lower limit of human hearing) indicated that operation of
the machine at full load and 20 mph velocity would increase infrasound levels
by no more than 9.5 dB over the level measured at no load and 10 mph. Such
an increase would be too small to annoy people or to cause physiological
damage (6). However, recent experiences indicate that annoying infrasound
from large WECS is highly influenced by machine design, topography of the site,
and weather conditions.
Audible noise and infrasound problems are not anticipated for SWECS.
Initial measurements for -the 5-meter Darrieus machine indicated that audible
noise was indistinguishable from background noise at 50 meters from the machine
(7). Additional testing of noise potential from vertical axis wind turbines
at Sandia will be conducted by SERI. Initial noise measurements at the Rocky
Flats Test Center indicate very acceptable noise levels for SWECS. For example,
a 3 kW system produced a maximum of 57 dB(A) at the tower base (wind speed was
12.5 m/sec) and an 8 kW system produced a maximum of 59 kB(A) at 77 feet (14.5
m/sec wind), a 3 dB(A) increase over background levels. The 3 kW system could
not be heard 50-75 feet from the tower, and the 8 kW system was inaudible at
150-200 feet. These measurements were made in a treeless environment; the
presence of trees and shrubs would tend to mask the minimal SWECS noise levels
(10). These field data suggest that noise levels may not be cause for serious
concern in the siting of small wind machines. However, verification of this
is currently being carried out at the Rocky Flats Small Wind Systems Test Center.
Interference with electromagnetic transmissions may occur when wave
signals strike the rotating blades of a wind machine. The impulse is then
reflected or scattered to form a secondary interference signal. The severity
of the interference depends on the size of the machine's blades, their
composition, their rotational speed, and the placement of the machine with
respect to the signal transmitter and receiver. Theoretical, laboratory, and
field studies have been conducted to assess interference of large horizontalaxis wind machines on television and radio broadcasts, air navigation systems,
and microwave communication systems (11). Interference with television
broadcasts appear to present the only concern. Depending on the site-specific
factors.mentioned above, interference can result in a pulsating television
picture which can be an annoying probleia. The higher the transmission frequency
(or channel number), the greater the interference. Nonreflecting blades,
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directional antennas or cable transmission may be required to eliminate the
problem. It is currently uncertain whether small wind machines create an
interference problem, although use of wood or fiberglass for rotor fabrication
should decrease the potential for adverse impacts.
Safety aspects of large wind energy systems have been previously
reviewed (12). These hazards can result from four principal sources: 1)
structural failure of the tower, 2) blade throw, 3) unauthorized public entry
to the machine site, and 4) obstruction of air space to low-flying aircraft.
The last source is of little or no consequence for small wind systems. Tower
failure could result from vibrational stress, inadequate base preparation,
rotational forces, wind sheer, and violent weather. In this case the hazard
zone would be a circular area with a radius approximately equal to tower
height, 40 to 55 ft (See Table 3 ) . Blade throw can result from stresses
similar to those for tower structures. However, experience seems to indicate
that a properly installed tower will fail only under extreme circumstances.
A variety of towers at Rocky Flats has withstood 100-120 mph peak winds without
incident (10). Estimated maximum distances of blade throw are 500 feet for
a M0D-0A type 200 kW horizontal-axis machine, and 1/4 mile for a 1,500 kW
horizontal-axis machine (4,8). A blade thrown from the Smith-Putnam machine
in 1945 traveled a total distance (including ground slide) of 750 feet (12).
SWECS may have similar throw distances. Potential safety hazards could be
approached through careful engineering and installation, and standards, zoning
codes, and building codes.
Aesthetic effects have to do with the visual impact of the machine and any
noise produced during its operation. The effects of noise have been discussed.
Various studies concur that a potential problem with "visual pollution" of the
landscape exists in the siting of wind machines (8,13-15); however, little
information is available for assessing the magnitude of the problem or ways of
resolving it. Only one previous study has dealt with visual impacts of wind
systems (16). To examine them, SERI designed a pilot field study to determine
what design configurations, if any, are visually preferred among commercially
available SWECS models. The study also tried to determine the importance of
aesthetics (defined in terms of visual preference) relative to other wind
system issues.
A three-page questionnaire was developed and distributed to participants
on tours at the Rocky Flats Small Wind Systems Test Center. In addition to
providing background and demographic information, participants were asked what
factors they would consider if they were purchasing a small wind system for
home use, which one of these factors was most important to them, and how they
would rate the visual appearance of each wind machine as they viewed it on the
tour. Appearance ratings of the tower, working part, and complete machine were
based on a five-point scale ranging from very attractive to very unattractive.
Nine different machines were rated. Working parts included vertical- and
horizontal-axis designs (both upwind and downwind), while towers included wood,
concrete and steel columns, and various truss designs. From late August until
mid-November 1979, 139 questionnaires were collected. Sampling was discontinued
because of inclement weather.
It should be emphasized initially that these results are based on a small
(N«139), nonrandom sample of respondents. Because of this, results should be
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interpreted carefully and not be considered indicative of attitudes of the
general public. Only major points will be covered in this preliminary report
on the field study.*
A variety of responses was given when participants were asked what factors
they would consider if they were buying a small wind machine. Answers to this
question were collected immediately before the tour, and thus should reflect
a respondent's existing knowledge or concern about wind machines. Initial
cost was the factor most frequently mentioned, noted by 73% of all people who
answered the question (N=120). Appearance was the second most frequently
cited factor, mentioned by 33% of respondents. Other frequently mentioned
factors and their citation rates were as follows: machine's energy output
(29%), long-term economics (25%), reliability (25%), efficiency (18%),
maintenance (18%), local wind conditions (15%), feasibility (14%), and
machine size (13%). Although 25 different factors were identified, each of
those remaining was mentioned by less than 10% of the respondents. Based on
these informal data, aesthetics seems to be an important factor, but the data
should be interpreted carefully. Even though answers to this question were
collected prior to the tour, some respondents were undoubtedly aware that the
questionnaire concerned aesthetics. They may thus have been more inclined
to include appearance as one of their responses.
When asked to cite the single most important factor they would consider
in buying a small wind machine, most respondents listed economic considerations.
A total of fourteen different factors was mentioned. Not one person mentioned
appearance as the most important factor, even though 33% of the respondents
indicated it was one they would consider before purchasing a small wind machine.
The major part of the survey was constructed to determine if aesthetic
preferences exist for various designs of small wind machines. The purpose of
the aesthetic ratings was not to determine consumer preferences for commercial
brands, but rather to determine if any general patterns emerged in design
preferences. In fact, three major patterns were evident. One was that working
parts (rotor and nacelle) were considered more attractive than their towers.
For eight of nine machines, working parts were rated higher, on the average,
than their corresponding towers. For the ninth machine, both components
were rated equally. On the average, downwind horizontal-axis working parts
were rated slightly higher than upwind horizontal-axis or vertical-axis
working parts. It should be noted, however, that the downwind models all had
closed nacelles and were colorful, whereas none of the other models had closed
nacelles, and only one had some color. These additional variables thus
confound any effects which might otherwise be attributed to rotor orientation.
The second pattern to emerge concerned tower designs. The various towers
that were rated can be grouped into three basic designs: columnar, narrow-based
truss (<4 ft on a side), and wide-based truss (>8 ft on a side). The weighted
average rating for the four columnar towers was almost one category higher than
* A complete analysis of study results will be available in Environmental
Assessment of Small Hind Energy Conversion Systems, K.A. Lawrence, C.L.
Strojan, with D. O'Donnell, Solar Energy Research Institute, TR 354-608,
Forthcoming, May, 1980.
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the average for the three wide-based truss towers, while the two narrow-based
truss towers were intermediate. Fifty-eight percent of all ratings for
columnar towers were in th Tttractive or very attractive categories, while
only 36% of the ratings for narrow-based truss towers and 27% of the ratings
for wide-based truss towers were. Conversely, only 12% of the ratings for
columnar towers were in the unattractive or very unattractive categories,
whereas 23% of the ratings for narrow-based truss towers and 37% of the ratings
for wide-based truss towers were.
The third major point about the aesthetic ratings concerns overall
machine design. In nearly all cases, the rating for the complete machine
fell midway between independent ratings for the tower and working part,
suggesting that the two component parts equally influenced perception of the
overall design. The four highest rated machines all consisted of horizontalaxis working parts on columnar towers.
These results indicate definite preferences for particular wind system
designs, but again, they are based on a small, nonrandom sample of individuals.
Although our sample population came from twenty states, the District of
Columbia, and three foreign countries, about half of the participants were
from Colorado. The sample contained a much larger proportion of males, was
younger, more highly educated, and had a lower income than the general L'.S.
population. This was partly attributable to the large number of students
touring the Test Center. About 2.5% of our sample owned electricity-producing
wind systems, and almost half had definite or possible plans to purchase one
within the next five years.
Wind systems are expected to have a life span of 20-30 years or more.
During this time components will probably have to be repaired or replaced.
These activities would vary in frequency considerably from machine to machine,
so it is difficult to estimate without further data the amounts of solid wastes
that would be generated.
IV.

Environmental Effects of SWECS Decommission

Final decommission will normally involve two activities: removal of the
machine itself and revegetation of disturbed areas. Removal of the machine
may involve the use of heavy construction equipment, but total requirements
for this phase of the life cycle should not exceed those of the construction
phase. Emissions from vehicular exhausts and fugitive dust should be minor
and comparable to those from the construction phase—or even less.
Similarly, noise levels should bp minor and temporary. Effects on uater
quality should also be minor if proper procedures arc utilized. Luborc, et al.
(17) estimated total water requirements to disassemble a windfarm of 7-10
1.5 MW units at 2 acre-feet for revegetation and 9 acre-feet for workers and
dust control. The amount of water consumed during decommission of a residential
machine should be negligible.
Solid wastes resulting from site decommission would consist primarily
of rubble: broken concrete, tower components, and other scrap metal.
Lubore-, et al. (17) estimated that decommission of a windfarm (7-10 1.5 MW
units) would require 0.4 acres of sanitary landfill if no materials were
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recycled. Many of the metallic components, however, would probably be
recycled, thereby reducing landfill requirements. Disposal of the remaining
materials should present no problems since no toxic components are involved.
Decommission activities should have a limited effect on biota. These
effects should be similar to those occurring during the construction phase,
since plant and animal life will probably have adapted to and colonized all
possible areas around the tower. Similar colonization will likely occur after
removal of the tower and base.
V.

Summary

Serious environmental effects were not evident in any of the three SWECS
life cycle phases which were identified (system manufacture and installation;
operation and maintenance; decommission). Expansion of the SWECS market
would not significantly increase material resource consumption or pollutants
generated during the manufacture of those materials. The operational phase
provides distinct environmental benefits in that no air or water pollutants
are generated, directly or indirectly, and no water is consumed in the
production of energy. Concerns about safety, aesthetics, noise, and television
interference may become more important if wide deployment of SWECS occurs in
populated areas. Removal and proper disposal of machines at the end of their
servicable life should present no handling problems because they are built
of common materials, many of which can be recycled.
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AVOIDING FUTURE HEALTH PROBLEMS RELATED
TO PHOTOVOLTAIC TECHNOLOGY*
Louis Stang
Brookhaven National Laboratory, Upton, NY 11973

Can something as "natural" as solar energy involve hazards to personnel
or to the environment?
There are three hazards that are so obvious that surely they will be taken
care of and hence constitute no problem. They are (1) misdirecting concentrator (mirror or lens), (2) loss-of-cooling to concentrator, and (3) scattered
or misdirected microwaves from solar satellite.
I want to discuss instead potential hazards that are much more subtle and
to outline what is being done to assure that they do not cause problems in the
future. What I will be talking about are photovoltaic (PV) devices, the solar
cells that convert sunlight directly into electricity IJJ.
PV cells are semiconductors. They do not conduct electric current in the
dark at low temperatures, but they do conduct current when supplied energy
(as light or heat). Usually, the matrix is an ultra-pure material like silicon
to which impurity atoms have been added to alter the energy requirements.
These impurities are called "dopants". Some dopants are atoms with excess
electrons (making the semiconductor negative, i.e. "n-type"). Others are
electron-deficient (making the semiconductor positive, i.e. "p-type"). Juxtaposition of a p-type dopant next to an n-type dopant creates a so-called
"p-n junction", and electrodes attached to each side would show a voltage
difference when light quanta of appropriate energy (wavelength) shine on the
junction — releasing electrons — causing electric current to flow. This is
the source of the PV effect. After electrical leads are attached, the cells
are encapsulated in a transparent material to protect the cells against chemical deterioration and to reduce mechanical damage.
Materials in common use for PV cells include silicon (usually ultrapure — often single crystal). Dopants for silicon are elements like boron,
arsenic, and phosphorus. Other cells being developed involve matrices of
either cadmium sulfide (juxtaposed next to copper sulfide) and gallium arsenide.
Efficiency of penetration of surface light is increased by adding anti-reflective (AR) coatings (e.g. tantalum oxide, indium-tin-oxide, etc.). The efficiency of light absorption depends (1) on the material being irradiated, (2)
on the wavelength of the light, and (3) on the thickness of the material.
So, how can a passive device like a PV cell, with no moving parts, present
a health hazard?
Most cells under development or consideration contain at least one chemical element which either is known to be toxic (like arsenic, cadmium, etc.)
or about which only little health-effects information exists (e.g. indium,
gallium, etc.). These elements vary in concentration from a few ppm to major
fractions of the matrix.
*This work was done under U.S. DOE Contract No. DE-ACO2-76CHOOO16.
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The potential problems may appear at any stage in the handling of the
particular element and may affect either the workers or the public living near
(downwind) any of the sites (e.g. the mine or smelter from which the raw material is obtained and purified, the factory where the cells are manufactured, or
the incinerator or landfill in which the cells are discarded).
I hasten to point out several mitigating effects:
1. The semiconductor industry is already a clean one, and there is no
reason for it not to continue to be a clean one.
2. The amounts of toxic materials involved may be low relative to those
already in use (e.g. in the case of Cd).
3. The PV industry may actually reduce certain environmental pollutants
(like Cd) by requiring more efficient recovery at smelters in order
to increase production.
Nevertheless, it is important to:
...maintain perspective by comparing expected future usage with present
usage,
...develop health-effects information where little or none exists and
large future expansion is expected,
...and monitor the development and utilization of PV technology to:
..assure compliance with recommended procedures and concentration
limits,
..and identify new problems that may arise in the future.
The disposal of PV cells must be viewed as a problem to be considered
because:
...large usage in residences is a primary goal of DOE (2)) (PV cells are
well-suited to small-scale, decentralized use [3];
...only finite lifetimes can he expected (5 to 25 years (4), depending
on soot, dirt, windswept abrasion, leaching by rain, etc.); and
...there can be little or no control over how a consumer discards a
product: Any real or artificial economic incentive to recycle
(e.g. a deposit refund) may
..be impractical (too low to be effective), or
..cause consumer resistance (from fear, nuisance, etc.) to the
development of the industry.
No technical or legal mechanism exists, nor is any likely to be developed which
will guarantee that a device containing a toxic element can be disposed of in
a general municipal collection/disposal system with absolute safety.
The solution to these problems is to
.,.anticipate which chemical elements might be considered likely candidates for PV development, and to
...generate needed toxicity information now, for input into planning
decisions that will be required for PV development,
In this presentation, I will
...identify several chemical elements that are likely candidates for PV
development,
...comment briefly on the state of knowledge concerning their toxicities,
and
...outline what the DOE is doing to provide adequate information on which
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to base intelligent decisions in planning PV development and in
promoting PV utilization.
To see what new chemical elements need to be considered for possible
future PV development, I tabulated those already in use [1), They are shown
in the Figure 1 in the unshaded boxes. This type of tabulation makes it
immediately obvious that certain other elements might be candidates for future
development and possibly utilization. For example, aluminum and gallium
(Group IIIA) and cadmium and tin (Row 5) are all being used now. This makes
indium a possible candidate because of chemical similarities. The same reasoning identifies thallium, antimony, bismuth, and germanium as elements of possible future interest. Finally, selenium and tellurium might be included in
this first cut, not necessarily because of extrapolation via the periodic table
but rather just because of their known semiconducting properties.
Now, actually Figure 1 was prepared last spring, using a number of summary
reports prepared by the government. Meanwhile, we conducted a workshop (described below) this past summer at Brookhaven National Laboratory, and one of
the things that we did at this workshop was to identify all of the chemical
elements that are presently being used in PV development and those that are
likely to be used in the next 20 years. It turned out that indium, germanium,
and tellurium are, in fact, already being used, although I did not know that
last spring. Moreover, other speakers also predicted that antimony and selenium would be tried in the future. That leaves only two elements, thallium
and bismuth, out of the seven that I had predicted which were not mentioned
at the workshop, and perhaps even these two will eventually be used also.
Having identified the principal chemical elements relevant to the PV
industry now or in the near future, we consider the extent to which healtheffects information is already known, after first making some general comments.
Invariably we are interested not just in the health effects of the element
itself but also in the health effects of its compounds. This is because even
if the material were to be used in its elemental form, it would probably be
presented to the human body in the form of a compound. This is true for many
reasons, several of which are shown in Table I.

Table I
Reasons why Compounds are Important
1.

Compounds occur naturally for most elements.

2.

Compounds are frequent intermediates in manufacturing.

3.

Compounds are frequently the form of desired product.

4.

Disposal operations (incineration or leaching from landfills) cause
formation or alteration of compounds.

5.

Biogenic environmental reactions alter chemical form before uptake by man.

Note, in particular, the fact that biological processes can be expected
to occur as intermediate reactions between the time that a material is released

Figure 1

PERIODIC TABLE OF THE ELEMENTS
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to the environment and the time when it is inhaled or ingested by a human,
and these intermediate biological processes in plants and lower animals often
alter the chemical form of an element before it reaches man. For example,
arsenic compounds are reduced and methylated by anaerobes to give dimethylarsine and trimethylarsine as volatile products of extreme toxicity. Also,
of course, it is common knowledge that different compounds of the same element
can produce very different health effects.
In principle, different elements can be expected to form widely differing
numbers of compounds, depending on whether they are restricted to the usual
inorganic ones or on whether they can form covalent compounds in which the
element is either attached to a carbon atom or actually substitutes for the
carbon atom. However, this distinction is not a very important one in the case
of most of the elements of present or potential interest to PV technology
because most of the major ones can be expected to form covalent compounds in
essentially unlimited numbers.
In Table II I have listed some of the various elements of present or
potential interest. The listing is in the order of increasing numbers of
entries in the 1976 Registry of Toxic Effects of Chemical Substances [5], and
the entries include compounds of the elements, not just the elements themselves. The point of this tabulation is to provide a concise summary of the
extent to which health-effects information already exists on these various
materials. However, I hasten to point out that this tabulation has to be
viewed with some understanding and that the numerical values provide only a
very approximate method of ranking the elements. For example, a lack of listings in the Registry could be due to several things: lack of knowledge,
abundance of knowledge but lack of toxic effects, or limited numbers of possible chemical compounds. The last item, however, can be ignored in this case
because, as I have already noted, the major elements under consideration can
all be expected to form roughly the same types and numbers of compounds. Some
insight as to which of the first two factors applies in a given instance can
be obtained from the "toxicity profile" shown in the third column. For example, a blind faith in this ranking order would make one think that cadmium
is definitely less toxic than either zinc or tin, which have some three to
four times as many listings. However, a glance at the toxicity profile shows
that this certainly is not the case. One explanation for this seeming discrepancy might be that zinc and tin have been known and used relatively safely
since ancient times (in fact, since the seventh generation after Adam [7]),
whereas cadmium was discovered only some 160 years ago.
Data like these, of course, cannot properly be used by themselves to set
priorities for carrying out the needed health-effects research. Clearly other
factors of importance in setting priorities include;
...a judgment as to the time when the new element is thought likely to be
introduced,
...an estimate of the quantities likely to be used,
...an estimate of the number of people likely to be exposed via various
routes, and
...a guess as to the possible type and severity of the health effect,
based on analogies to similar materials.
A new element to be introduced soon in only trace amounts may or may not pose
as serious a problem as one likely to be introduced later but in much larger
amounts. Nevertheless, data of the type shown in this table can be of some
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Table II
Status

a

of Toxicity Information

for Photovoltaic (PV) Elements
Entries in
Elements
predicted
to be of
future relevance to

used in PV

PV [6]

in 1977 [Vi

Toxicity
profiled

Elements

Indium
Tellurium

for compounds of
these elements

3-3-lMJC
U-2-U-2
Gallium

Bismuth
Germanium
Thallium
Cadmium
Aluminum

Antimony
Selenium

U-l-U-1
1-2-U-l

U-2-U-2
2-3-U-3
3-3-V-3
0-0-2-0

Tin
Silicon

3-3-2-3
2-3
2-U-O-2
V (low)
V (low)
3..U-U-U"

Mercury
Arsenic
Sulfur

3-3-3-3
3-3-2-3
3-2-U-Ue

Phosphorus

3-3-U-3c

Boron
Zinc

1976 Registry of Toxic Effects

of Chemical
Substances

ID
6
8
8
15

16
20
22
25
31

32
51
60
79
104
136
144
340
930

as of April 1979.
acute local/acute systemic/chronic local/chronic systemic; 0=none; l=slight;
2=moderate; 3»high; U»unknown; V=variable.
d
for element, not compounds.

See text for comments.

general average of 12 individual listings for which toxicity information is
given and which could not be attributed to other elements in the compounds.
general average of 28 individual listings for which toxicity information is
given and which could not be attributed to other elements in the compounds.
use in deciding which element to study first in the case of two elements for
which other considerations are equal.
Some additional general comments should be made regarding the effects of
trace quantities, because if the element in question is present in a PV cell
as a dopant, only small quantities are involved, like layers only a few microns
thick or concentrations of only a few parts per million. There is a tendency
to think that a material that is used in only very small amounts can present
only an insignificant health problem, simply because of the small amounts involved. This is not necessarily true, and for several reasons:
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1. Some materials taken into the body tend not to be eliminated, but to
accumulate (e.g. in the bones or other organs). Toxic symptoms may begin after
the concentration, has built up or after some latent period has elapsed, which
may be long after the beginning of the exposure to the material, Moreover,
this accumulation need not occur directly in the human body; it can occur in
various forms of plant and/or lower animal life with which man comes in contact or which form part of his food chain,
2. A second reason why trace quantities can be very important is that
some of the body's processes involve bringing about large changes by means of
small amounts of substances like hormones or enzymes. Therefore, anything
which interacts in some way with a hormone or an enzyme is likely to produce a
relatively large change in the organism for a relatively small amount of the
toxic material.
3. Certain elements are needed in trace quantities for the proper functioning of the body. However, it is well known that, in general, various
chemical elements compete with one another for anions or ligands to produce
complexes or biologically active molecules. The properties of such products
are often similar but seldom identical. When this product is one that is
vital to the organism, chemical competition during its synthesis could lead to
drastic changes in its function — ranging from tremendous enhancement to total
indifference. However, the point is that in either case it would take only a
trace of some foreign substance which can act synergistically with an essential
trace element to produce an effect that would be disproportionately large in
relation to the small quantities involved. As Dr. George Davis of the University of Florida notes [£): "When an end product, such as erythrocytes with
normal hemoglobin content, depends upon numerous pathways which involve enzymatic complexes requiring several of the trace elements for proper functioning,
then changes in the level of individual elements may disturb the interrelations
between these and other elements with the net result that there is a failure in
the end-product for the normal functioning of the animal." Likewise, Walter
Pories of the Department of Surgery of the University of Rochester (New York)
notes (j9) that "copper, cobalt, chromium, fluorine, iodine, iron, manganese,
molybdenum, selenium, strontium, and zinc are all in a competitive mix, and
their interactions...are essential to understanding any one of the elements."
To illustrate this point, it may be worth noting explicitly that ±f_ the development of a new technology involves the introduction of a new material and if,
in doing so, one has to make a choice between two materials: — one, a highly
toxic material whose properties have been rather well known for the past 500
years, as is the case with arsenic, and the other, an element about which less
is known but which might be expected to act in a very subtle way, disrupting
and upsetting metabolic systems in many organisms, as may be the case with
selenium, and if the choice involved working with relatively large amounts of
the first one or relatively small amounts of the second, it is not immediately
obvious that the second is the best choice. It could well be that the first
material would have fewer or less serious consequences. Perhaps, the real
point to make is that such a choice should not be made without more healtheffects information than now exists,
4. Finally, it should be noted that even if none of these other factors
is involved, common sense says that sheer random chance can make small quantities of a toxic substance still very important if the exposure to them is long
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and the number of people exposed is large. The reason for this is that the
body is in a continual state of dynamic equilibrium in which many different
damages to various molecules, cells, and even some organs are constantly being
repaired by the body's defense/repair mechanisms. i n this manner and for this
reason, the body may be capable of defending itself agairt protracted exposure
to a low concentration of a toxic substance, until soraetl ng happens to interfere with this repair/defense mechanism or temporarily in.errupt its
continuity.
Before outlining briefly what DOE is doing to provide adequate information
on which to base intelligent decisions in planning PV development and promoting
PV utilization, I would like to mention the difference between toxicity and
hazard. The word "exposure" was used in reference to the possible effect of a
low concentration of a toxic substance over a long period of time, and it is
the exposure that makes the difference between toxicity and hazard. A highly
toxic substance can be handled with complete safety if this is done in such a
way that human exposure to the material is well controlled so that it never
exceeds some safe level (which may be zero in some cases). A toxic substance
becomes a hazard when its method of handling or containment is such that one
no longer is sure that exposure to it is indeed acceptably low. The point of
this is that the mere fact that a material may be toxic is no reason to refuse
to use it — especially if there are other reasons such as efficiency or economics to make it attractive; what one should do in such a case is simply to
ensure that any hazard from the use of such a material is either zero or
acceptably low.
That happens to be exactly what DOE is doing, to make sure that the infant
PV industry gets off on the right foot and stays pointed in the right direction, that its risks do indeed remain low, and that the public perceives these
risks in proper perspective and accepts them, so that 30 years from now environmentalists and those especially concerned with public health will not
find it necessary to rally in protest to the presence of cadmium on their
rooftops or to demand a moratorium on new installations of central power stations using solar cells containing arsenic exposed to the heat of 1,000 suns.
Last spring DOE selected Brookhaven National Laboratory to be its field center
for environmental, health, and safety effects of PV technology. Thus, whenever
DOE needs information or advice on this subject it will turn to Brookhaven for
guidance. It means also that one single laboratory (BNL) now has the responsibility for ensuring that issues involving environmental, health, and safety
effects of PV technology are not overlooked or do n<~t fall between the cracks
but are properly identified and considered and that, where information is
lacking or research needs to be done to gather necessary data, this lack and
these needs will be brought to the attention of the appropriate planners so
that, when it is both desirable (or necessary) and feasible, appropriate research can be implemented to fill the gaps. I include feasibility in that
sentence, because it is neither possible nor necessary to do all of the toxicological research that would be necessary to fill in all of the gaps in our
knowledge about the possible health effects of materials that are relevant to
PV technology far at least to do so in the next 20 or 30 years, much less to
do so within the time period available before planning decisions have to be
made). Laboratory resources and available funds are simply insufficient to do
everything that one might like to do for maximum assurance. On the other hand,
doing everything is unnecessary if we can maintain our perspective and if we
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do the best we can to evaluate both risks and benefits.
what we are trying to do.

This is precisely

This program of surveillance, advice, and action has begun, and out first
task was to convene a workshop on the health effects of PV technology (referred
to above). This was an extremely successful affair, attended by experts representing a very wide variety of disciplines and fields of expertise, including chemical engineers, chemists, electronics specialists, physicists, and
plant managers from the industry side and biologists, toxicologists, industrial
hygienists, environmental health scientists, doctors engaged in medical research
and public health protection, and government planners. The purpose of the
workshop was to provide the basis for determining where information was larking and what research needs to be done on what time schedule. This it did very
well, and we are now in the process of analyzing the results. The Proceedings
of this meeting are also being published, so that this information can be made
widely available.
A somewhat smaller workshop to deal with strictly environmental effects
of PV development and utilization is being planned for next summer. We are
also beginning the task of quantitative evaluation and analytical assessment
of the environmental, health, and safety impacts of the PV energy cycle in
order to develop systematic overviews of the biomedical and environmental costs
of energy production by PV systems in a way that will permit these costs to be
compared with the same types of costs involved in other energy technologies.
In a few months, after we have fully digested the results of our recent
workshop, some specific health-effects research will be recommended. Although
it is too early to be very specific about what will be recommended, one task
that seems likely will be to organize a sampling program for the collection
and chemical characterization of wastes generated by representative PV
technologies.
In summary, a blind barging ahead to develop solar cells without regard
to possible health effects could lead to potential problems in the not-toodistant future. Some specific points of concern have been identified regarding the possibility of introducing into general use some uncommon chemicals
for which we may have insufficient health-effects information to permit mailing
the best decisions. DOE is on top of these concerns, working hard to prevent
them from becoming problems.
References:
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12874]; November 4, 1978.
(3) Solar Energy: Progress and Promise, [The President's] Council on
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(4) Assessment of Large-Scale Photovoltaic Materials Production, M. G. Gandel,
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ENVIRONMENTAL ASSESSMENT OF STILLAGE CONTROL
W. K. Barney, H. Chang
Argonne National Laboratory

1.

INTRODUCTION

The U. S. government is encouraging increased production and use of
gasohol* in an effort to make the United States more energy independent.
The current national goal is to substitute gasohol for 10% of the unleaded
gasoline consumed in the United States by the end of 1980.
Increased production of fuel ethanol in the years to come seems certain.
In producing fuel ethanol (i'00 proof) from biomass feedstocks by fermentation, a liquid residue called stillage is produced. The concentration
of BOD_** in stillage is usually high compared to that in domestic waste,
and this residue must go through a waste treatment process before discharge
into bodies of water. While siill.age has potential uses as an animal feed,
soil amendment, and protein source for humans, the liquid remaining after
useful stillage components have been extracted must still be treated before
discharge to the environment.
This paper identifies the types of stillage that are produced as well
as their control. The concept of stillage control in the context of this
paper includes both the uses and environmental control technology needs of
stillage.
2.

STILLAGE AND ITS USES

Stillage, the liquid residue from fermentation and distillation, is
recovered when the beer is distilled. It is composed primarily of unconverted starches and sugars, protein, minerals, and various products of fermentation, including the yeast. The composition of the stillage depends
on the type of biomass feedstock and production process employed.
Ethanol can be obtained from sugar-containing materials such as
molasses, sugarcane juice, and sugar beets by a fermentation process that
uses yeast enzymes to convert the sugar to ethanol. It can also be produced
from several types of starchy materials, such as cereal grains (corn, oats,
milo, grain-sorghum, rye, rice, barley, and wheat), potatoes, sweet potatoes,
and Jerusalem artichokes. Only cereal grains are now used in the United
States to any extent to make ethanol.
. A third type of feedstock that could be used to produce ethanol is
highly cellulosic material, such as wood. However, stillage from wood feedstock is not considered here since the methods to obtain ethanol from wood
have not been demonstrated on a production basis.
*A fuel for transportation, gasohol is a blend of gasoline (90%) and
ethanol (10%).
**BOD_ is biochemical oxygen demand over a five-day period.
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Ethanol production processes using sugars or starches as biomas feedstocks are currently available and are basically the same. If starchy
materials are used, the starch must first be converted to simple sugars by enzymatic hydrolysis. This is the primary difference between ethanol production
plants using starches and those using sugar as feedstocks. The fermentation
and distillation steps are essentially the same.
2.1

CEREAL GRAIN STILLAGE

Stillage from cereal grains has a significant value as an animal feed due
to its high protein content. Information on stillage in this paper is primarily based on the experiences of the distilled liquors industry, which
employs a process using whole grains as feedstock for the production of alcoholic beverages.
The stillage from the fermentation and distillation of whole grains contains about 6% solids when it leaves the beer still. Current practice in the
distilled liquors industry is to combine this stillage with other waste
streams to form one total waste effluent.
The stillage produced can be used
wet or can be dried and then sold as feed. Wet stillage is difficult to
transport long distances and can easily spoil; it is desirable to concentrate
it and pump it to a nearby animal feedlot. Solids in stJliage can be separated out to produce two types of feed: distillers dried grain with solubles
(DDGS) or distillers dried solubles (DDS).* Table 1 shows the typical composition of distillers dried grain.
As a general rule, 16-17 lb of stillage are produced during fermentation
of one 56-lb bushel of grain.
The amount of pure ethanol that this bushel
of grain can produce is conservatively stated at 2.5 gal.
Research at Cornell University on the diet of dairy cattle has yielded
several conclusions regarding grain stillage products:
(1)
(2)
(3)
(4)

The three distillers feeds rank in the following order:
grains, grains with solubles, solubles.
Corn and milo grains are of equal value.
Corn grains are superior to rye grains.
Corn grains are equal to or superior to corn gluten feed, brewers
dried grains, urea soybean meal, coconut meal, and linseed meal.

Superiority was determined in this case as a function of total milk production, milk fat, and fat-corrected milk. The feeding tests were based on normal bovine dietary requirements, i.e., the DDG and DDGS were used to supply
protein, not to displace roughage requirements. Experimental efforts considered competing and corresponding variables such as the great variety of

*Stillage contains both insoluble and soluble solids. When the insoluble
material is filtered out of the solution and dried, the product is called distillers dried grain or DDG. The liquid that passes through the filter contains soluble material. Water is evaporated from this liquid, leaving a powder, called distillers dried solubles (DDS). The combined product of DDG and
DDS is distillers dried grain with solubles (DDGS).
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Table 1.

Approximate Composition of Distillers Dried Grains from Corn

Component

%

Fat

7.5
27
7.6

Fiber

12.8

Moisture
Protein

Ash

ppm

2

Minerals
Phosphorus
Potassium
Calcium
Magnesium
Sodium
Sulfur
Iron
Copper
Zinc
Manganese
Selenium
Cobalt

0.37
0.15
0.05
0.07
0.05
0.56

105

15
50
10
0.03
<0.05

Amino Acids
Lysine
Methionine
Cystine
Histidine
Arginine
Aspartic Acid
Threonine
Serine
Glutanic Acid
Proline
Glycine
Alanine
Valine
Isoleucine
Leucine
Tyrosine
Phenylalaline
Thyptophan

0.60
0.50
0.20

0.60
1.10
1.68
0.90

1.00
4.00
2.60
1.00
2.00
1.30
1.00
3.00
0.80
1.20

20

forage types used in feeding, differing levels of forage intake, variations
in nutritive content among forages, differences in milk production and composition, and differences in methods of feeding.
The ration for a dairy cow must not only fulfill the animal's nutritive
needs, but also must be physically appealing or palatable to the cow.
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Furthermore, fiber presented to the animal must be of certain quality and
feed must not be heat treated in a manner that would cause abnormal metabolism or affect milk composition.
The two most promising feed markets for DDG are dairy farms and beef
cattle feedlots. DDG is not a highly attractive swine food because the first
limiting amino acid for swine nutrition is lysine and DDG is relatively low
in lysine.
When corn is used as a feedstock, advanced methods of producing starch
from corn are available in addition to the process of using whole corn employed by the distilled liquor industry. These methods produce stillages
different than that described above. These methods include the corn wet
milling process, used widely in the United States to produce high-purity
corn starch and other starch-based food products, and the corn dry milling
process, used mainly to produce raw materials for breweries.
Fermentation of starch from the corn wet milling process produces a
stillage of considerably less feed value, than that produced with whole corn
since most of the oil and protein are extracted before the starch is hydrolized. Starch produced by the dry milling process has not been used as a
feedstock to'produce ethanol.
2.2

STILLACE FROM SUGARCANE SYRUP FERMENTATION

The stillage resulting from distillation of sugars contains much less
protein than that from distillation of grain. Stillage from sugarcane syrup
fermentation (Table 2 ) , a prime example, is discussed here. The stillage resulting from distillation of fermented sugarcane syrup contains 7-10% solids
when it leaves the still and has approximately one-third the protein of DDGS
from corn. Its feed value is correspondingly small. This stillage has had
limited acceptance as an animal feed and the cost of purchasing and operating
drying equipment is so great that domestic rum distillers (the sole source of
sugarcane stillage) regard the procedure as inherently uneconomical. ^ Thus,
disposition of this stillage poses an environmental problem: each gallon of
ethanol produced yields about 3.5 kg of BOD 5 . Rum distillers in the United
States either dump the stillage or use it as a soil amendment. Rum distillers generate 12.5 gal of stillage for each gallon of ethanol produced.
2.3

POTENTIAL STILLAGE USE

Distilleries now produce about 400,000 tons of distillers dried grain
(DDG) per year.
This competes in the feed market with 964,000 tons of
brewers grain per year.13 Assuming that all DDG were used as cattle feed,
and assuming that in the U.S. an average of eight million cattle are on feed
at any one time, 14 the total of 1,400,000 tons of DDG constitutes only 13%
of the maximum plausible cattle feeding ration. Since cattle feeding is not
necessarily the only use of stillage (or brewers grain), it can be concluded
that the ethanol production capacity in the United States can be expanded
without immediately overwhelming the market for DDG.

*Beef cattle
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Table 2. Approximate Composition of Stillage from Sugarcane Syrup Fermentation

Component
Minerals
Sugar
Proteins
Volatile Acids
Gums
Combined Lactic Acid
Other Organic Acids
Glycerol
Wax, Phenolics, Lignin

29
11
9
1.5
21
4.5
1.5
5.5
17

Source: Ref. 9.
However, there is an upper limit on the quantity of DDG that can be consumed
by animals.
Beef cattle can eat up to 7 lb of DDG per day per head.
The eight
million cattle that are on feed at any one time in the United States could thus
consume 56 x 10 6 lb/day or 20.44 x 1 0 9 lb/yr. This amounts to 10 x 1 0 6 tons
of DDG annually.
Ethanol production by fermentation in 1976 amounted to about 278 x 10
gal.
A tax gallon is 100 proof or 50% ethanol, so the pure ethanol production was about 139 x 10^ gal. This compares to the 11 x 10^ gal that
would be required annually to convert all the fuel consumed in the United
States to gasohol. In producing 11 x 10^ gal of ethanol, 37.4 x 10& tons of
dried stillage or DDG are produced. This DDG production rate is nearly
four times the current maximum consumption rate for beef cattle.
As production of ethanol increases, so could production of DDGIf too
much DDG flooded the feed market, the market price of both DDG and soybean
meal (the chief competitor) would drop. This would affect the economic
stability of the entire feed market and producing DDG would become an economic penalty to ethanol producers. New methods of using or disposing of
large amounts of stillage must be found in order to avoid serious environmental problems.
It seems untenable to use high protein DDG as a fuel or land fill.
Some municipal sewage treatment systems could not accommodate the large amount
of stillage that would be produced. An acceptable method of processing DDG
for human consumption would be the best solution.
Previous experiments in marketing protein supplements in the United
States have had only marginal success at best. ' Markets may, however, exist
for refining protein and adding it to bread, processed meats, and dairy
products.

*

DDG is used for DDG, DDS or DDG & DDS.
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3.

ENVIRONMENTAL CONTROL TECHNOLOGY FOR STILLAGE

Stillage whether from grain, sugarcane, or other substrates, contains very
high levels of BODc and must be treated before discharge to bodies of water.
Overproduction of stillage would pose an environmental problem. As an example, consider normal distillery effluents. Distillery stillage has a BOD_
strength of approximately 25,000-30,000 mg/L in a volume approximately 10
times the ethanol yield.^® When the solubles are evaporated, the liquid
discharged from the barometric condensers can contain as much as 5,000 mg/L
BOD. depending upon the type and quantity of undesired organic acids and
other lower volatiles produced during the fermentation. Residual ethyl alcohol can even be a major contributor. Most continuous stills are designed
to achieve 97% theoretical efficiency in ethanol recovery, but actual practice rarely achieves design efficiency. Since the residual ethanol all ends
up in the evaporator condensate, it ultimately becomes part of the normal
distillery effluent. The typical alcoholic content in distillers solubles
exiting the beer still is 432-3550 mg/L.^ 9 Since each gram of ethanol yields
approximately 1.4 g of BOD, and the volume of condensate is only slightly
less than that of the evaporator feed, BOD,- loading due to ethanol alone can
range as high as 5,000 mg/L.
Other steam-volatile constituents are generally present in the liquid
fraction of the stillage and, under certain circumstances, make an overwhelming contribution to the BOD- strength of the evaporator condensate.
Acetic acid content is generally 300-540 mg/L during normal operations, but
upsets in fermentation or "souring" of the stillage can increase yields of
volatile organic acids 10 to 100 times. This causes a direct correspondent
increase in condensate BOD-.
The stillage from the fermentation and distillation of cereal grains
contains about 6% solids whtn it leaves the beer still. Current practice in
the distilled liquors industry is to combine this stillage with other waste
streams to form one total waste effluent.
This waste load is substantially
reduced when the solids are separated to produce either distillers dried
grain with solubles or distillers dried solubles as animal feed.
This recovery of a by-product, DDG , not only abates a pollution problem but increases the revenue to the ethanol producer. The liquid effluent
remaining after the recovery of DDG requires treatment before it is discharged. The effluent strength and degree of treatment required depend on
by-product recovery techniques. Of the distilleries that own treatment
plants, most utilize methods involving conventional aerobic digestion.
Other potential methods of treatment are anaerobic digestion, anaerobic contact, or anaerobic filter for the recovery of methane. Some other methods*
of oxidizing the effluent B0D 5 are: submerged combustion, evaporation, incineration, fungal digestion, and sludge. The amount of energy recovered
in the form of methane would be small in comparison to the total amount of
energy used by the plant, most of which is consumed in separating the solids
to make DDG, but could possibly offset some waste treatment energy needs.
Pilot-scale anaerobic digestion has been used to treat grain distillery
wastes.20 Results have been quite good, but this method is more attractive
when the influent waste load is abnormally higher than that of common grain
distillery effluent.
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By-product recovery is far less attractive for stillage from molasses
fermentation and distillation. Most of the solids in rum stillage are solubles and difficult to dry. Presently, by-product recovery from rum stillage
is not practiced on a commercial basis. Use of this stillage as a soil
amendment could be attractive if the energy needed for hauling is not excessive. Anaerobic digestion systems have been tried on rum stillage.2 Methane
recovery has been significant; however, the effluent produced by the anaerobic
system is still unacceptable for disposal even to a municipal sewer. More
research is needed in this area.
Synthetic membranes are a promising technique for processing stillage
wastes. •*• Membrane technology also has the potential to reduce the energy
required for drying the product.
3.1

OPTIMAL TREATMENT

The selection of a treatment methodology to achieve maximum economic
advantage while fulfilling the requirements of the environmental law is based
on several considerations. These include the expected range of commodity
prices for principal feedstocks, expected range of coproduct prices, anticipated rise in costs for plant heat sources, cost of real estate, and local
capital and operating expenses. Any derivation of optimal treatment will.
have validity only for the conditions specified. Each set of circumstances
potentially defines new conditions for maximizing return.
3.2

ENVIRONMENTAL LAW
Liquid Waste

The level of wastewater treatment for a new production facility is determined by the ability of the receiving waters to accept and assimilate
the residuals in the treated waste. These levels are established to protect
the receiving body of water. Quality control requirements are of two general
types: effluent standards and receiving water quality criteria. Combinations
of both of these controls are often used. The percentage of a pollutant removed by the treatment plant may no longer be used as a primary design standard.
Through Public Law (PL) 92-500, the federal government established certain minimum effluent criteria as a first step in upgrading water quality.
These criteria are equated to secondary treatment and are, essentially,
20-30 mg/L BOD,, 20-30 mg/L suspended solids, and a pH of 6 to 9. However,
if these minimum effluent standards are not sufficient to attain acceptable
water quality, higher degrees of treatment (beyond secondary treatment) will
be required.
The original intent of PL 92-500 was to improve the quality of the
nation's surface waters, primarily through controlling conventional pollutants
such as B0D 5 and suspended solids. This act did not, however, possess significant regulatory strength to control toxic pollutants, and it was amended
by the Clean Water Act Amendment of 1977, PL 95-217. In PL 95-217, control
of a list of toxic chemical parameters was mandated. This list was the
result of a settlement in the case of the National Resources Defense Council
vs. Train, and the chemicals on that list are variously called consent decree
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pollutants, Flannery list pollutants, or priority pollutants. Regulations
controlling these pollutants, which have yet to be promulgated, may require
more sophisticated types of treatment than are presently planned.
SOLID WASTE
Solid waste that cannot be used as feed must be landfilled under regulations being developed under Subtitle D of the Resource Conservation and
Recovery Act, PL 94-580. If some of these wastes arc deemed hazardous, the
more rigorous disposal regulations under Subtitle C would apply.
4.

CONCLUSIONS AMD RECOMMENDATIONS

CONCLUSIONS
• Stillage from cereal grain has significant value as animal feed.
• The current rate of stillage production does not pose an
environmental problem.
• Overproduction of stillage, beyond the quantity that can be
consumed by animals, will pose an environmental problem.
Treatment facilities will be needed to handle the overflow
of stillage unless other uses can be found.
RECOMMENDATIONS
Correlate stillage production to market potential.
Establish economic relationships among the protein supplement
markets and animal demand.
Examine price fluctuations as a function of quantity produced.
Examine requirements for development of new markets.
Examine cost considerations for alternative processing.
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Characterization and Treatment of
Anaerobically Digested Cattle Manure
Introduction
The abundance of animal as well as agricultural wastes in the
United States necessitates the utilization of such wastes in augmenting
the apparent shortages in fossil fuel production. Anaerobic digestion
offers a viable process by which such utilization could be achieved.
This process results in a readily usable gaseous energy form (methane
gas) in addition to the production of a liquid effluent that could be
used as a fertilizer.
The anaerobic digestion process has been utilized for a relatively
long period of time at municipal sewage works throughout the world as
a means of stabilizing sewage solids. Only recently has the process
been introduced into the agricultural community for the utilization of
agricultural wastes in general snd animal manures in particular.
In the anaerobic digestion process wastes are fermented in the
absence of oxygen to produce a gaseous mixture of methane, carbon
dioxide, and traces of other gases such as nitrogen, hydrogen sulfide
and hydrogen gas. The methane and carbon dioxide fractions constitute
about 95-98 percent of the digester gas with the former component
making up 50-70% of the total gas output depending on the mode of
operation, digestion temperature, organic loading, and solids retention
time (SRT)• The development sud mechancis of anaerobic digestion have
been discussed in more detail in a previous report by the authors (1).
The liquid effluent from an animal anaerobic digester is a
relatively stable product in comparison to the influent stream.
However, the pollutional load of such effluent is such that direct
discharge in the surrounding environment is not possible. This is
due to the fact that a typical animal digester effluent could be
expected to contain up to 5000 mg/1 of biochemical oxygen demand (BOD)
and up to several times that amount in chemical oxygen demand (COD).
The uncontrolled discharge of such materials into the environment
is likely to result in severe deterioration of stream and groundwater
quality and the generation of tremendous odor problems. In fact, the
pollution potential associated with anaerobic digestion for energy
production could be one of the determining factors in the overall
success of this process and therefore adequate planning must accompany
any disposal of this by-product.
The methods available for disposal of digester effluent may center,
as is the case with raw animal manures, on land application. Raw
animal manure is frequently applied to agricultural fields and pasture
ranges through injection, spreading, plowing, or discing. Newer technologies for disposal of digester effluents may center on biological treatment (aerobic and anaerobic) and physical-chemical treatment.
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Further processing to extract the nutrient and fiber content of
digester effluent for refeeding to animals has been the subject of
continued research at several localities throughout the United States
(2, 3, 4) with varying results. Digester effluent refeeding to animals
is plausible since the high cell mass found in this effluent is a good
source of protein, nutrients, and minerals. The presence of undigested
materials, such as cellulose,provides a good source of crude fiber which
is essential in animal dietary requirements. Questions of economic
feasibility, animal as well as public health consideration, effects of
repeated feeding and reprocessing, and legal considerations have not
been thoroughly investigated (2, 3, 4 ) .
Regardless of the method of treatment and disposal of animal
waste digester effluent, the effluent stream should be ^ully characterized to determine the best available alternative foi such disposal.
With this objective in mind, a variety of animal waste digester operations were sampled under the prevailing operting conditions and these
samples were subjected to extensive analysis to determine the pollutional
potential of these effluents. In addition, these samples were screened
to determine if any of EPA's "priority pollutants" existed in these
effluents and to quantify the relative concentrations of these pollutants
if they were present. In order to determine the effects of conventional
aerobic treatment on reducing the pollutional load of animal digester
effluent, a limited treatability study was conducted using the effluent
from a pilot scale anaerobic digester using cattle waste. It should be
noted that this report is focused on effluents from cattle waste digesters only due to the fact that cattle waste represents the predominant
fraction of total animal wastes produced in this country. Results from
studies on swine waste facilities could be found in references 5 and 6.

Characterization of Digester Effluents
Animal waste digester effluents from several pilot and full-scale
digestion operations were utilized in the characterization analyses.
The digestion operations sampled are located in the states of Iowa,
Washington, New York, and Florida. The low* operation is a pilot-scale
operation and the remaining were full or "sub-scale" demonstration projects financed mostly by the U.S. Department of Energy (U.S. DOE). In
the following discussion these operations will be identified by the
group responsible for their operation at the time of sampling.

Iowa State University Facility
The Iowa State University (ISU) facility is an experimental beefcattle digester operated by the Agricultural Engineering Department at
ISU (Ames, Iowa). The digester has a capacity of 100 gallons (378 1)
and was operated at a solids residence time (SRT) of 10 days and a
mesophilic temperature of 98°F (36.7°C).
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The digester influent was slurried beef cattle waste collected
from a small animal confinement unit adjacent to the digester housing.
This digester was fed beef cattle manure slurry once daily. The
animal manure is, therefore, relatively fresh (less than 24 hours old)
at the time of feeding. The waste is collected from covered, concretesurfaced pins. The beef animal diet contained cracked corn, corn cob,
soybean meal, molasses, and small concentrations of urea, salt, vitamins,
and minerals. A complete description of the beef facility and a detailed outline of the anaerobic digester unit is found in references
7 and 8.
As it will be discussed later in this report, the effluent from
the ISU facility was also used as the influent to the aerobic treatment utilized in t M s study.

Ecotope Group Facility
The Ecotope Group digester operation is located at the State
Dairy Farm near Monroe, Washington. This facility utilized dairy
manure from a potential farm capacity of 200 animals.
The animal waste is scraped from the concrete floor of the dairy
loafing sheds to a holdin;; tank using a tractor mounted blade. Some
water is used to faciltate the operation. In the holding tank the
waste is thoroughly mixed with a seemingly abundant amount of sawdust
which is used as bedding. This waste is normally mixed to a 10% solids
consistency and then pumped to the digester units.
The digestion system consists of two 50,000 gallon (190 m ) tanks
equipped with draft tube mixers, a boiler and heat exchangers, high
pressure gas storage units, and other pertinent appurtenances. At
the time of sampling, only one digester was operational with no
mixing of digester contents. The digester tanks are insulated with
3.5 inches (8.9 cm) of polyurathane on the roof and about 4.0 inches
(10 cm) of styrofoam insulation on the walls. The digester operating
temperature was maintained at 95 F (35 C ) . Excess biogas was being
flared at the time of sampling, but the plan calls for the gas to be
utilized for farm use later.
The effluent
where it is mixed
and then flows to
ically pumped for

from the digester units flows to a holding tank
with, any dairy waste from the other loafing sheds
a storage lagoon. The lagoon contents are periodland application on the farm using manure guns (9).

It should be noted that the Ecotope facility was designed and
built using existing "off the shelf" manure handling equipment. The
intention was to minimize the cost of the total operation by avoiding
expensive or otherwise unproven new equipment.
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Cornell University Facility.
The Cornell University digester facility is a sub-scale project
built by the Agricultural Engineering Dept. as a part of a continuing
research and demonstration project. The facility at Cornell consists
of two different digester units: one is of a conventional design and
the other is a simpler design intended to simulate a plug flow operation.
The Cornell digesters receive animal manure from a dairy confinement facility with a total capacity of about 160 animals. The manure
from the confinement unit is pneumatically scrapped off the concrete
floors and conveyed to a mixing tank which has a total capacity of
about 80,000 gallons C00 m ) . The waste is then pumped from this mixing
tank to the digester units at a solids concentration of about 11%
normally.
The conventional digester unit is a circular tank of.concrete
construction and a total capacity of about 1200 ft (34 m ) . The
tank is insulated with 3.5 inch (8.4 cm) layer of polyurethane foam.
At the time when sampling was made, no mixing of the digester units
was being employed. It was believed that such mixing was not needed
due to the high solids concentration of the digester contents (10).
The effluent from the conventional digester unit flows to a
storage and concentration tank (60 ft. (18.3 m) in diameter). The
contents of this tank are periodically pumped and used for field
application at the farm.
The plug flow digester consisted basically of a trapezoidal
trench of concrete construction with side wall slopes.of 45°. The
total capacity of this unit is about 1360 ft (38.5 m ) . The gas
generated in this unit was collected under a plastic bubble that was
constructed to cover the entire length of the digester unit. The
effluent from this unit flows to a 40 ft (12.2 m) diameter tank for
storage and concentration for later field application.
At the time of sampling, the Cornell digester units were operated
at a 30-day hydraulic re ention time (HRT) which corresponds to 30-day
SRT in both cases. The operational temperature of both units at the
time was 78 F (25 C ) , which is somewhat of an extreme departure from
the usual mesephilic range of 90-100°F (32-38°C). This lower operational
temperature reflects a lower BOD and volatile solids destruction efficiency as may be expected in comparison to the results of a higher
temperature (e.g. 100°F) (10).
The Cornell digester units are equipped with gas metering devices,
a boilar to utilize some of the product gas to maintain the units at
an operational temperaf"'jre, and a full-scale laboratory facility for
continuous analysis and monitoring.
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Hamilton Standard Facility
The Hamilton Standard digester facility is located at the Kaplan
Industries feedlots near Bartow, Flordia. The facility was designed, .
built and currently being operated for the US DOE by Hamilton Standard <
This facility represents what could probably be described as the
state-of-the-art in animal waste digestion for energy production. This
facility received cattle manure from the Kaplan confinement units.
The confinement facility is equipped with slatted concrete floors under
which the animal manure is mechanically cleaned and flushed to a mixing
tank. In this tank the manure is thoroughly mixed to a solids rjncentration of about 9% before pumping to the digester units.
The digestion system consists of two circular tanks of steel
construetion operated simultaneously in parallel. The total capacity
of each tank is about 350,000 gallons (1325 RI ) . Those tanks were
not being operated at full capacity at the time of sampling due to
the low animal population in the feedlot. The operational level was
only about 187,000 gallons (700 m ) in each tank. Each tank was
equipped with a paddle mixer installed at the top of each. Tiiese
mixers provided slow fixing speeds of 3-9 rpm.
The digestion system was equipped with a boiler to heat the
influent stream to the operation temperature. In addition, the boiler
system provided steam for injection into an internal heater system to
maintain the digester tank at a specific temperature. The digestion
system is also equipped with a solids recovery system to concentrate
the digester effluent solids for refeeding the confinement animals.
This subsystem was not operational during sampling time.
The digester system is operated at a solids residence time (SRT)
of 20 days and a temperature of 131°F (55°C). The HamiJton Standard
digester is, therefore, the only theromophilic operation that the
authors were able to sample.
The effluent from the digestion system was being discharged to a
lagoon system for further disposal. This is the same lagoon system
to which the feedlot waste was previously transported.

Hamilton Standard, a division of United Technologies,
Windson Locks, Conn. USA.
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Sample Collection and Analysis
All samples collected from the above mentioned digester facilities
represent "grab" samples that could only be used to judge the performance
of these facilities at the time of sampling. The samples were collected
into plastic bottles, sealed, and packed in an ice filled cooler for
air transport to the laboratory. A H samples were prepared for analysis
shortly after arrival at the ISU-Engineering Research Institute Analytical
Services Laboratory. All analyses reported herein were performed by
this laboratory with exception of the organic pollutants phase which
was performed by the ISU-Sanitary Egineering staff. Digester gas
samples were also collected from all locations for the analysis of
major contents.
Tables 1 and 2 present a summary a multitude of pollution measurement parameters including heavy metals. All parameters with the
exception of cellulose and lignin were performed according to procedures outlined by Standard Methods (11). Cellulose and lignin were
analyzed by a procedure outlined by Dennis and Winfield (12) for the
former, and by the Association of Official Agricultural Chemists
(13) for the latter. A modification of the Standard Methods procedure
was used in the analysis of heavy metals (Table 2 ) . All heavy metal
analyses were performed using a Perkin Elmer Atomic Adsorption
Spectrophotometer. All nitrogen forms were analyzed by a Technicon
Auto-Analyzer using a modification of the procedures outlined by
Standard Methods (11).
Examination of the BOD_ and COD values (from all digesters)
clearly indicate the potential pollutional strength of digester eff
luent that may result from improper final disposal methods. While
only the soluble fractions of each of these parameters may have an
immediate effect on water quality in the areas of disposal, these
fractions are still considerably higher than what may normally be
expected from conventional wastewater treatment.
In all cases the COD values are several times those of the BODr«
This is a direct result of the differing natures of the tests which
allows all non-readily biodegradable materials to show up only as
oxygen demanding in the COD test. Such non-readily biodegradable
materials include cellulose and lignin and other refractory organics
of humus nature. Many of these organics may ultimately undergo
biodegradation if enough time is allowed. In many cases the BOD,,
and COD values in the digester effluent represent only about 50% of the
pollutional strength of the original material (i.e., raw animal waste)
which indicate the value of anaerobic digestion as a waste stabilization
process.

Table 1.

Cattle Waste Anaerobic ligester Effluent Characterization
(All Units in tng/1 anicr? otherwise indicated)

PARAMETER

Cornell Univ.
Plug Flow

Ecotope
So\ible

Total

BOD

635

3,450

COD

11,000

97,200

TSS

Soluble

|

Total

2,570

2,960

' 16,300

92,400

Cornell Univ.
Comp. Mix
Soluble

Total

2 590

3,300

18,800 102,700

ISU Farm
Soluble

Hamilton Std.

Total

Soluble

Total

3,500
7,000

44,000

9,250
7,140

44,000

(%)

9.00%

8.3%

8.8%

2.6%

5.45%

VSS (%)

6.23%

6.7%

7.2%

2.4%

4.02%

Cellulose (g/1)

42.4

24.7

22.4

3.2

12.3

Lignin (g/1)

42.8

26.3

28.5

29.3

15.9

33

0.0(0.08)

N 0 2 (N03)

1.14(.29)

0.08(.25)

0.88(.58)

Ammonia (N)

1,360

1,660

1, 730

230

1,770

TKN

3,640

3,140

4,180

920

2,860

0 4 (tctal)

3,260

2.700

3,200

1,100

2,600

?0, (ortho)

50

n

S0

22.8

28.5

95°

250

210

385

4

Oper. Temp. (°F)

26.6

78°

78°

98°

131°

Table 2.

Cattle Waste Anaerobic Digester Effluent Characterization
For Heavy
ivy Metals, Ca , Mg
(All units in mg/1)

I

, and Na

Cornell Univ.
Comp. Mix
Total
Soluble

Soluble

Total

Cornell Univ.
Plug Flow
Total
Soluble

Arsenic

0.027

0.10

0.0046

0.028

0.0049

0.032

0.014

0.06

0.0058

0.035

Cadmium

0.02

8.58

0.02

2.1

0.04

5.78

0.08

0.20

0.05

0.05

Copper

0.20

2.8

0.16

6.28

0.16

7.29

0.20

2.3

0.51

4.21

Chromium

0.08

0.50

0.09

0.40

0.10

0.40

0.04

0.40

0.10

0.20

Lead

0.20

0.20

0.30

1.0

0.30

1.0

0.10

0.60

0.20

0.30

Mercury

0.006

0.27

Zinc

0.78

Ecotope

PARAMETER

LI: 0.002a

ISU Farm

Hamilton Std.

Soluble

Total

Soluble

Total

LT 0.06

LT 0.04

19.7

0.31

Calcium

— -

27

1490

30

1710

145

1330

Magnesium

—-

129

482

125

523

60

706

35.4

42.0

0.26

1.1

28.6

0.0054

LT 0.006

i 1.0

43.0

2300

35.5

520

160

i

Sodium

350

SAR b

a

L T • Less Than
Sodium Adsorption Ratio

;

5. 7

940

700

500

500

5.8

8.0

9.7

to
©
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Other parameter of interest include the nitrogen forms such as
ammonia ( N H O , nitrates (NOj) and total Kjeldahl nitrogen (TKN). The
discharge or these materials into the environment from municipal or
industrial sources has been heavily regulated by federal and state
agencies. The reasons being that nitrates have been linked to the
occurrence of methemaglobinemia (blue baby syndrome) in infants and
the toxicity of ammonia to fish and other aquatic organisms. As seen
from Table 1, the occurrence of nitrates in digester effluent is not
significant in most cases. However, ammonia (NH_) occurs in substantial quantities in all cases and may be of concern, depending on the
ultimate disposal alternative. Although ammonia toxicity is a function
of pH at which it exists, normal water quality standards (i.e., EPA
discharge standards) impose a limitation of 2.0 mg/1 on municipal wastes.
In addition, ammonia could easily be converted to nitrates through the
action of bacterial nitrification in the soil matrix; a process that
must be accounted for when land application is considered.
Total Kjeldahl Nitrogen (TKN) is another parameter of interest
that is normally analyzed.
Kjeldahl nitrogen represents the total
amount of nitrogen available in the waste material including ammonia
and therefore is a good indicator of the pollutional potential of the
waste material. Total available nitrogen (TAN) is currently being used
by some states (i.e., Iowa) as a guideline for land disposal of animal
manures. Current Iowa criteria specifies that no more than 250 lbs.
of available nitrogen could be applied per acre per year and that no
more than 400 lbs. would be applied per acre during any consecutive 2year intervals (14), Depending on the size of the digestion operation,
considerable tracts of land could be needed for land application.
As a result of recent federal legislation, EPA and many state
environmental regulatory agencies are in the process of promulgating
rules and regulations concerning land application of wastewaters. It
is possible that digester effluent disposal could fall under the
jurisdiction of such rules. As an example, the state of Iowa has
recently completed the drafting of rules governing land application
of wastewaters (17). These rules set specific standards for nitrogen
loading, phosphorus, trace elements, and salinity restrictions. These
rules require that total nitrogen in the effluent must be balanced
against the expected uptake by crops with a maximum allowance of 20%
for dentrification (17)
Table 1 also shows cellulose and lignin analyses of the digester
effluents. Due to the fact that the Ecotope digester facility used
animal waste where sawdust is used as bedding material, the cellulose
and subsequently the lignin content of this effluent is exceptionally
high. In general, the cellulose and lignin content reflects the nature
of the animal feed material and the extent of roughage use, and the
type of bedding material. Although all such material would show up
as volatile solides (VSS), these materials are not generally amenable
to biodegradation and therefore Impose a severe penalty on the maximum
methane production potential. The lignin content is normally considered
as the culprit since it generally coats cellulose, effectively providing
a shield against enzymatic biodegradation.
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Table 1 also shows a summary of phosphorus determinations In the
digester effluent. According to rules (17), the phosphorus content of
this magnitude must be addressed in land application plans. The
phosphorus data (as total P) indicates the value of digester effluent
HB a good soil conditioner and fertilizer.
The extent of salinity is of no problem in normal digester effluent
as indicated by the sodium, calcium and magnesium data in Table 2.
The Na, Ca, and Mg data is necessary for determining the so-called
"Sodium Adsorption Ratio (SAR)," an index used in determining the
relative effect of salt concentration on the hydraulic conductivity
of the soil material.
The SAR values shown in Table 2 indicate that, with exception of
the Hamilton Standard effluent, land application should not cause a
salinity problem. Land application of the Hamilton Standard effluent
on low permeable soils (high clay content) or on low salt tolerant
crops should be carefully evaluated.
Table 2 shows a summary of heavy metal analyses results for all
samples. It should be noted that this table does not include other
metals specified by EPA as toxic (Table 3), since there was no reason
to suspect their presence in animal waste. As seen from Table 2, the
soluble fraction is in most cases too small to warrant any concern.
The same remark is true with respe
to the insoluble fractions
(total metal associated with the solids fractions) with the exception
of cadmium, copper, and zinc. It is difficult to make judgments on the
metal concentrations that fail to meet current rules (17) since these
concentrations are associated with the insoluble fraction. The release of these metals into the environment would depend on the nature
of disposal and the extent of solids transport to receiving streams.
Because zinc is a feed additive to most cattle rations, its
appearance in such high concentration as shown in Table 2 is therefore not suprising. The impact of such high concentrations on the
vegetative and aquatic ecosystems is not directly known at this time.
Further research is still needed to trace the zinc cycle in areas
subjected to disposal of animal digester effluent.
Organic Pollutants Analyses
The animal industry relies on a multitude of organic chemicals in
the struggle to combat animal diseases and stimulate growth for the
purposes of producing maximum amounts of meat and dairy products in
minimal time periods. Such chemicals include insecticides, hormones
and chemical stimuli, and a wide variety of other parmaceutical products. In addition, other trace organics find their way into the
ajnimal feed materials as carry-over from agricultural feed production
such as plant insecticides, pesticides, and herbicides. Many of these
chemicals are extremely toxic and some have been included in EPA's
toxic pollutants list (Table 3 ) .
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The current Environmental Protection Agency toxic pollutant list
(Table 3) contains 65 compounds or groups of compounds that have been
identified and characterized cither as toxic or cancer causing (18),
This list contains 31 purgeable organics, 46 baso/neutral extractable
organics, 11 acid extractable organics, 2(S pesticides and PCB's, 13
metals in addition to cyanides and asbestos fibers,
In this study, an effort is being made to screen animal digester
effluents to confirm the presence of such priority pollutants (if any)
and to determine their concentrations, The screening procedure involves
the extraction and concentration of digester effluent samples for
analysis using gas chromatography and mass spectrometry (GC-MS) techniques. Initial results indicate that some of HPA's priority pollutants
may exist in animal digester effluent. No attempt is made to present
some of these initial results in this report due to the fact that the
screening process was not fully completed when this manuscript was prepared. The results will be made available soon as the screening and
conformation effort is complete.

Aerobic Treatment
Land application of animal digester effluent has been assumed to
be the most practical means of ultimate disposal of digester residues.
This alternative would naturally depend on the availability of land for
disposal, the climate in the area of application, the effectiveness of
odor control, and the possibility of subsequent pollution of nearby
streams and rivers and underlying ground water formations. The odor
generated by digester effluent is the result of the presence of considerable quantities of hydrogen sulfide among other volatile odorous
compounds that may also be present. At the present time animal
manures are being subjected to treatment ranging from storage to aerobic
treatment for both odor and pollution control (15). Despite its high
cost, aerobic treatment could not simply be ruled out without careful
consideration.
The choice of aerobic treatment in the study of the disposal of
anaerobic animal waste digester effluent was based on the fact that
the aerobic process offered a workable, low odor-producing method of
waste stabilization, Aerobic treatment may be implemented in a variety
of processes such as conventional activated sludge, high rate activated
sludge, oxidation ditches, or aerobic lagoons. The latter two processes
are common animal waste treatment practices particularly at large swine
confinement operations (9), Regardless of the process, aerobic treatment implies that oxygen must be provided in sufficient quantities to
stabilize organic matter present in the waste. The high cost of providing
oxygen (commonly by surface aerators or compressed air) is the single
most important factor in deciding on the practicality of these treatment
processes.

Table 3.

EPA's Priority Pollutant List (18)

1. Acenaphthene
35.
2. Acrolein
36.
3. Acrylonitrile
37.
4. Aldrin/nieldrin
5. Antimony and compounds
6. Arsenic and compounds
7. Asbestos
8. Benzene
0. Benzidine
38.
10. Berylium and compounds
11. Cadmium and compounds
12. Carbon tetrachloride
13. Chlordane (technical mixture
and metabolites)
14. Chlorinated benzenas (other
39.
than dichlorobenzenes)
40.
15. Chlorinated ethanes (including
41,
1,2-dichloroethane, 1,1,142.
Lrichloroethane, and hexa43.
chloroethane)
44.
16. Chloroalkyl ethers (chloromethyl, 45.
chloroethyl, and mixed ethers)
46.
17. Chlorinated napthalene
47,
18. Chlorinated phenols (other than
48.
those listed elsewhere; includes 49.
trichlorophenols and chlorinated
cresols)
50.
19. Chloroform
51.
20. 2-Chlorophenol
52.
21. Chromium and compounds
53.
22. Copper and compounds
54.
23. Cyanides
55.
24. DDT and metabolites
25. Dichlorobenzenes (1,2-, 1,3-, and
1,4-dichlorobenezenes)
26. Dichlorobenzidine
56,
27. Dichloroethylenes (1,1- and 1.2- 57.
dichloroethylene)
58.
28.
2,4-Dichlorophenol

29.
30.

Dichloropropane and dichloropropene 59.
2,4-Dimethylphenol
60.

31.
32.
33.
34.

Dinitrotoluene
Diphenylhydrazine
Endosulfan and metabolites
Endrin and metabolites

61.
62.
63.
64.
65.

Ethylbenzene
Fluoranthene
Haloethers (other than those listed
elsewhere; includes chlorophenylphenly
esters, bromophenylphenyl ether,
bis(dichloroisopropyl) ether,
bis(chloroethoxy) methane, and polychlorinated diphenyl ethers)
Halomethanes (other than those listed
elsewhere; includes methylcne chloride,
methyl chloride, methyl bromide,
bromoform, dichlorobromomethane,
trichlorofluoromethane, dichlorodifluoromethane)
Heptachlor and metabolites
Hexachlorobutadiene
Hexachlorocyclohexane (all isomers)
Hexachlorocyclopentadiene
Isophorone
Lead and compounds
Mercury and compounds
Nephthalene
Nickel and compounds
Nitrobenzene
Nitrophenols (including 2,4-dinitrophonol
dinitrocresol)
Nitrosamines
Pentachlorophenol
Phenol
Phthalate esters
Polychlorinated biphenyls (PCBs)
Polynuclear aromatic hydrocarbons
(including benzanthracenes, benzopyrenes
benzofluroanthene, chrysenes, dibenzanthracenes, and indenopyrenes)
Selenium and compounds
Silver and compounds
2,3,7,8-Tetrachlorodibenzo-p-d i.oxin
(TCDD)
Tetrachloroethylene
Thallium and compounds
Toluene
Toxaphene
Trichloroethylene
Vinyl chloride
Zinc and compounds
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In aerobic treatment, the nutrients available in the waste in the
form of organic and inorganic compounds are converted by aerobic
microorganisms to carbon dioxide and energy for metabolism to produce cell matter. Portions of the cell matter are normally recycled
back into the process as seed for continued treatment. The process
is operated on a variety of flow schemes such as continuous flow
with recycle, continuous flow without recycle, batch process, etc.
In order to determine the effects of aerobic treatment on the
biodegradabllity of organics found in animal waste digester effluents,
a set of aerobic columns (reactors) were used as a laboratory-scale
activated sludge process. The effluent from the ISU digester facility
was used as the influent to these columns. Digester effluent was
collected and stored (by freezing), after being thoroughly mixed,
and used as needed in the aerobic columns.
The reactors were constructed from 6 in. (15 cm) diameter plexiglass columns which were 48 in. (122 cm) high and supported by a 1 in.
(2.5 cm) thich base. The bottoms of these columns were machined into
a conical section with a drain hole at the bottom. The conical section served to prevent settling during aeration. Air was supplied
using porous fine bubble diffusers. The air flow was adjusted to
insure the no solids settling took place and that the dissolved oxygen
(DO) concentration is maintained above 2.0 mg/1 in the columns at
all times. A typical column is shown in Figure 1.
each column was operated at a different solids retention time
(SRT) but all were run at the same organic loading rate. SRT values
of 20-, 10-, and 5- days were chosen to run the three columns. These
values cover the range normally encountered in municipal wastewater
treatment practices. The higher SRT value approximates oxidation
ditch or extended aeration activated sludge treatment: processes that
might be best suited for animal waste treatment (15). Two organic
loading rates were chosen; 10 and 20 lb. BOD,./MCF-day (.15 and 0.31gm
B0D 5 /l-day).
The effluents from the aerobic treatment columns were used for
daily analysis and monitoring. Parameters routinely tested for included total and soluble BOD,, and COD, suspended and volatile suspended solids, and occasionally all columns were tested for a longer
list of parameters including nitrogens, phosphates, and heavy metals
(Tables 4 and 5 ) .
Table 4 summaries BOD- and COD data obtained during the operations
of the reactors at the two loading rates. The data in this table were
adjusted to represent a constant hydraulic retention time (HRT) of 5
days in all experimental reactors. The data in this table shows a
significant reduction of B0D 5 and COD due to aerobic treatment. The
soluble BODr may actually compare very favorably to municipal wastewater treatment and represents the possible success of such treatment
when applied to animal wastes. However the digester effluent, as shown
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Air supply

Glass tube

Sampling Port

Air Stone

Drain Hole
30 cm

Figure 1. Typical Biological Reactor

Table 4. Data Summary (BOD and COD) - Aerobically Treated Cattle Waste Digester Effluent

Organic Loading
lb BOD5/MCF-day
(gm BOD5/l-day)

COD (mg/1)
SRT
(days)

10.0

(0.15)

5

20.0

(0.31)

5

10.0

(0.15)

10

20.0

(0.31)

10

10.0

(0.15)

20

20.0

(0.31)

20

Soluble
Range
Mean

Total
Range
Mean
230-540

11-23

16

30-180
125-340

9-21

6-18

14

12

Soluble
Range
Mean

325 640-1,140

830

Total
Range
Mean
3,000-4,300

3,500

500 630-1,500 1,280

7,630-11,400 9,250

225

2,890-4,300

345-750

560

3,400

55-700

370 980-1,200 1,080

6,150-10,800 8,500

80-225

140 335-740

440

1,910-2,950

2,400

60-450

260

800

5,650-8,200

7,000

700-900
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Table 5. Reactor Effluent Analysis - Aerobically Treated
Cattle Waste Pigester Effluent,

Reactor 1
SRT = 20 days

Raactor 2
SRT = 10 days

Reactor 3
SRT = 5 days

Parameter

L,R.l b

L .R.2c

L.R.I

L .R.2

L.R.I

L ,R.2

COD-total
-soluble

2,400

7,000
800

3,400

440

8 ,500
1.080

3,500
830

9 ,250
1,280

140

260

225

370
14

325

500

6,900
92
1,790

2,670

',;>
40

378
35

BOD5-total
-soluble
Sus. Solids
Vol. Solids(%)
TOC

TKN
NO?+NO--N
NH3-N

12
1,800

89
625

40
40
0.20

5,580
90
1,250
260
48
2.0

Cellulose(g/1)
Lignin(g/1)

—_
0,70

Phosphate
Sulfate
Chloride

30
18
280

—_—

Potassium
Sodium

87

160

40

Zinc-total ,
-soluble
Arsenic
Cadium
Chromium

Copper
Lead

2.21

4%
———
0.00
0.03
0.16
0.03

Mercury

a

560

2,580

92
900

138

47
0.25

9

1.02

3,.0

2 .3

2.6
240

7,,5
4.5%
0.07
0.01
0,05
0,40
0.07
0,03

16

91

7,480
91

1,200

1,780

0.40

280
64
6,.9

0.90

4..0
3,.3

3 .0
110
23
305
106
50
2.90

4%
0.05
0.03
0.19
0.05

270
_—_

352
31

270
——

369
210

8.1
4.5%
0.13
0.02
0.05
0.50
0.05
0.05

126
55
2.74

4%

210
9.3
4,5%
0.10

0.00
0.03
0.18
0.10

0.04
0.06
0.40
0.02
0.02

All concentrations in mg/1 unless otherwise indicated

b

L.R.l = Loading Rate « 0.15 gm B0D5/l-day (10 lb BOD5/MCP-day)

C

L.R.2 = Loading Rate = 0.31 gm BOD5/l-day (10 lb BOD5/MCF-day)
Percent of total zinc
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by Table 1, contains a high fraction of organics that were nonreadily
biodegradable in the relatively short period of treatment.
Table 5 shows parameters that were monitored during the study on
a non-regular basis. The nitrogen compounds analysis shows that a
great deal of nitrification was occurring, (i.e., the conversion of
ammonia-N to nitrites and ultimately nitrates). Such nitrification
is quite evident when the NH, and N0~ results in the reactor MLSS are
compared to the corresponding values in the original waste (Table 1 ) .
Nitrification is not desirable from an economic standpoint since
additional oxygen must be supplied to the aerobic treatment system
over and above the carbonaceous oxygen demand. Theoretically nitrification does not occur until the carbonaceous oxygen demand is nearly
satisfied. However, nitrification was found to occur in the aerobic
animal waste treatment system at SRT of only 3 days in conjunction
with digested swine waste (5).
As seen in Table 5 , ammonia levels were reduced considerably
after aerobic treatment at the higher SRT values of 10 an 20 days.
A residual ammonia of 6.9 mg/1 remained in the effluent at the higher
organic loading of 20 lb BOD,-/MCF-day and the relatively short SRT of
5 days. This value exceeds current discharge standards of 2.0 mg/.l
and indicates that a higher solids retention time than 5 days must
be maintained at this organic loading. The strigent ammonia discharge standard is due to the fact that ammonia is extremely toxic
to fish and other aquatic organisms.
Table 5 also shows the results of analyses for common ions such
as total PO^, SO, and Cl in addition to heavy metals. In
all cases no evidence of biological uptake of such compounds and
elements seemed to take place. Actually, if the effects of dilution
during treatment and marginal errors in sampling and analysis are
considered, the heavy metal concentrations would correspond to those
concentrations found in the original waste (Table 2 ) . It should be
noted that the occurrence of zinc in the insoluble fraction (95-96%)
remained essentially unchanged in the aerobic reactor effluent.
The slight variation in trace metal concentrations in Table 5 are
probably due to sampling and analysis errors rather than any biological uptake.
The reactors effluents were also periodically tested for priority
pollutants concentrations. This was done to determine if biological
treatment had any effect (i.e., removal) on those pollutants that were
confirmed present in the original anaerobic digester effluent. The
overall analysis on these samples were not fully complete at the time
when this manuscript was prepared and therefore were not included.
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Conclusions
The limited survey of some of the cattle waste digesters in
operation in the U.S. indicates that the effluent from these digesters could result in some pollutional problems unless adequate
disposal methods are put into effect. Although any pollutional
problems that may occur are expected to be localized in the immediate
area of disposal, severe surface and ground water contamination may
take place.
Despite its relative efficiency in removing considerable
of BOD,- and COD from digester effluents, aerobic treatment is
doubtedly a costly alternative compared to land application.
cation, however, must be managed so that repeated application
not result in stream and ground water contamination.

amounts
unLand appliwould
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ADVANCED BIOLOGICAL TREATMENT OF AQUEOUS EFFLUENT
FROM THE NUCLEAR FUEL CYCLE
W. W. Pitt, Jr., C. W. Hancher, B. D. Patton, S. E. Shumate II
Chemical Technology Division
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

INTRODUCTION

Many of the processing steps in the nuclear fuel cycle generate aqueous effluent
streams bearing contaminants that can, because of their chemical or radiological
properties, pose an environmental hazard. Concentration of such contaminants
must be reduced to acceptable levels before the streams can be discharged to the
environment. Two classes of contaminants, nitrates and heavy metals, are
addressed in this study. Specific techniques aimed at the removal of nitrates
and radioactive heavy metals by biological processes are being developed, tested,
and demonstrated. Although cost comparisons between biological processes and
current treatment methods will be presented, these comparisons may be misleading
because biological processes yield environmentally better end results which are
difficult to price.
Sources of Nitrates and Heavy Metals
It has been estimated that up to 2.5 million tons of dissolved nitrogen-bearing
substances reach the surface waters of the U.S. each year.-'- The nitrogen waste
discharged directly from industrial installations Is estimated to be about 20%
of the total.2 Much of this nitroger pollution is in the form of dissolved
nitrates at high concentrations. These high concentrations can contribute to
eutrophication-* and can also constitute a health hazard.^ Consequently, rigorous
standards are being estalished for nitrates released in industrial effluents
(e.g., the Department of Energy's Y-12 Plant at Oak Ridge, Tennessee is restricted
to 45 g/m^ as N ) , and there are indications that these restrictions will become
even more stringent, perhaps as low as 10 to 15 g/nH as N in most states.
Although the majority of industrial nitrate pollution is attributed to fertilizer
and paper manufacturers, liquid effluents from the nuclear fuel cycle contribute
significantly to the total problem. Process steps in the uranium fuel cycle that
generate nitrate wastes include milling, refining and conversion, enrichment,
fuel fabrication, and fuel reprocessing operations. Disposition of the nitrate
(recovery, conversion, or discharge) will be governed by the economics of the
process technologies which may be applied. In situations where nitrate recovery
is not feasible, conversion of all nitrogen oxides, including N 0 x to molecular
nitrogen (chemically or biochemically), appears to be the only acceptable longrange solution.
Many operations in Department of Energy (DOE) and commercial nuclear processing
facilities also generate aqueous waste streams which contain trace quantities
of dissolved heavy metals, including radionuclides. There are a number of
physical and/or chemical methods for isolating heavy metals from aqueous streams
such as chemical precipitation, chemical oxidation or reduction, ion exchange,
filtration or ultrafiltration, electrochemical treatment, and evaporative recovery.
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However, when the initial heavy-metal concentration is in the range of 10 to
100 g/m3 and a reduction to less than 1 g/m3 must be achieved, these methods
may be ineffective or uneconomic. In such situations, the adsorption of
dissolved metal species by microorganisms often offers a safe and economical
means of achieving a reduction in dissolved metal concentration to less than
1 g/m3.
Regulations
Industrial liquid waste discharges are controlled by the U.S. Environmental
Protection Agency (EPA), state water quality boards, and, occasionally, local
regulations. The EPA issues effluent discharge permits under the National
Pollutant Discharge Elimination System (NPDES). The NPDES permit authorizes
a plant to discharge into a specified waterway from a set number of outfalls.
Usually, the permit also sets limits on specific effluent parameters [e.g.,
flow rate, maximum biological oxygen demand (BOD), minimum dissolved oxygen,
temperature ranges]. Sampling and analysis frequency are usually specified,
and wastewater components such as BOD may be limited in concentration, in total
mass discharged per day, or both. The NPDES permit is usually issued for a
period of 5 years.
At present, no nationwide standards exist for limiting nitrate in wastewater.
There are indirect limits on excessive nitrate discharges, such as one regulation which states "Other pollutants shall not be added to the water in quantities
that may be detrimentaJ to public health or impair the usefulness of the water
as a source of domestic water supply."^ The state of New York considers 10
mg/it of nitrate to be the upper limit for pptable, water.*> There are, however,
few limits on the amount or concentration of nitrates actually leaving plant
outfalls. It is expected that some limits will be uniformly imposed by 1983,
but the anticipated levels are not known at this time.
At present, the discharges of heavy metals are more tightly controlled than
those of nitrates. Several nuclear facilities have metals limits in their NPDES
or state permits, but the exact limits vary from state to state. In fact, limits
will vary between plants within a state, and even between different outfalls
of the same plant, depending on location, receiving water, other pollutants
discharged, etc. Occasionally, a state will require reporting of certain metal
concentration levels even though it has no actual limit set in the permit. Some
common elaments mentioned in permits include iron, chromium, nickel, copper,
zinc, mercury, cadmium, aluminum, and radionuclides such as uranium, plutonium,
and radium. It is likely that limits on heavy metals, in general, will become
more stringent by 1983.
Current Treatment Processes for Nitrate Disposal
Methods of nitrate disposal currently in use at NFC plants include storage in
lagoons and discharge after dilution. Other methods include calcination and
catalytic decomposition of N 0 x to ^ » recycle, ion exchange, production of
fertilizer, and biological denitrification.
Current Treatment Processes for Heavy Metals
Presently, the most common methods for treating wastewater to remove radionuclides and nonradioactive heavy metals involve some combination of settling,
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storing in lagoons and outright dumping.
evaporation is used.

In some cases, ion exchange or

One accepted method for treating dissolved metals in wastewater consists of
precipitation and settling. Generally, lime is added to increase the pH of
the liquid and precipitate the metals. Settling, sometimes with flocculation,
clarifies the liquid and produces a sludge containing most of the metal. The
pH of the supernate is then lowered again to a permissible level by adding an
acid, such as sulfuric acid. Disadvantages of this method are that a bulky
sludge is produced (requiring further handling and disposal), other chemicals
are added to the water, and the metal concentrations are not reduced to the
low levels that are required (<1 g/n>3).
In many cases, where an effluent is considered to be too difficult or too
radioactive to treat, it is simply stored in lagoons or ponds for indefinite
periods. This is especially true of uranium mill tailings and tailing leach
effluents, and of wastes from conversion plants that use nitric acid solvent
extraction processes. Disadvantages of lagoons are the continuing need for
more lagoon construction, storage rather than elimination of the waste, and
possibilities of seepage from the lagoon.
Ion exchange is sometimes used to remove metals from wastewater. The disadvantages of ion exchange are regeneration (or disposal of resin if regeneration
is not done) and the addition of another ion, usually chloride, to the water.
Evaporation is used to concentrate waste liquids in certain cases, but
evaporators are expensive and use a large amount of heat energy.
Another processing method that may be considered is the sorption or complexation
of dissolved metal species by microorganisms:
"dissolved

+

cells

-

(M

* cells;> insoluble complex.

Solid-phase (biomass) concentration of 10 to 20 wt % can be attained.

ADVANCED BIOLOGICAL TREATMENT

High-rates biological denitrification has been experimentally demonstrated
using engineering-scale fluidized-bed systems treating authentic nitrate wastes
from the nuclear fuel cycle. Biological removal and concentration of heavy
metals have been verified in bench-scale equipment, both batchwise and in
continuous contactors.
Denitrification
Biological denitrification, as referred to in this paper, is the biological
reduction of nitrate or nitrite to gaseous molecular nitrogen.8 It commonly
takes place in soil under anaerobic conditions by the various strains of
facultative anaerobic bacteria which are responsible for recycling nitrogen
compounds back to the atmospheric molecular nitrogen pool.^ The reaction
requires a carbon source, which has been successfully supplied in the form of
various alcohols and acetates. The rate of denitrification is dependent on
the type of carbon substrate supplied as well as on other operating parameters
such as the pH and temperature of the system. With ethanol as the carbon source,
tho reaction may be written in unbalanced form as:
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3NO 3 ~ + 2C 2 H 5 0H -*• C 0 2 + N 2 + H 2 0 + 0H~ + X C ^ H ^ N .
The chemical equation coefficients on nitrate and ethanol reflect the observation that the molar ratio of carbon consumed to nitrogen (as nitrate) reacted
is about 1.3 to 1.5. The composition of the biomass may be given approximately
as CcHyOpN. The biomass yield is roughly 0.1 g per gram of nitrate consumed.
At the Oak Ridge National Laboratory, high-rate denitrification processes are
being developed which utilize denitrifying bacteria adhering to particles of
anthracite coal or sand. The particles, with adhering bacteria, are fluidized
by flow of the aqueous stream being treated as it passes upward through a
columnar bioreactor.10 Two column geometries have been studied: tapered
(inverted, truncated cone) and cylindrical (with a tapered top section). The
tapered geometry permits operation over a wider range of flow rates than with
a cylindrical geometry.
One of the fluidized-bed bioreactors tested is shown in Fig. 1. The reactor
consists of a 51-mm-diam by 3.7-m-long cylindrical section beneath a tapered
51-mm to 76-mm-diara by 0.6-m-long solids disengaging zone. Sampling ports were
located at 0.6-m intervals. With a sufficient population of denitrifying
bacteria established, a fluidized-bed performance was evaluated using both
ammonium nitrate and raffinate waste as feed and ethanol as the carbon source.
The feed carbon/nitrate-nitrogen ratio (C/N) was maintained batween 1.8 and
2.0. Typically, the carbon utilized was 1.2 times the nitrogen converted.
A typical set of concentration profiles for nitrate, nitrite, and carbon (as
ethanol) is shown in Fig. 2.
The reactor volumes (empty) of fluidized-bed systems studied ranged from 2 to
240 liters. Feed nitrate concentrations ranging from 100 to 7500 g/m^ were
treated, achieving denitrification rates as high as 75 kg/day-m^. Effluent
concentrations o£ less than 1 g/m^ were demonstrated. These results are
summarized by the curve in Fig. 3.
Heavy-Metal Removal
Since the literature is replete with examples of metal uptake from aqueous
solution by microorganisms, six microbial strains were surveyed to determine
whether significant differences existed between species with regard to uranium
isolation. The survey showed that species differences were quite pronounced
(Table 1 ) , and three cultures were selected for more detailed study. Pure
strains of Saaaharomyaes aerevisiae (a yeast), Pseudomonas aeruginoea (a
bacterium), and the mixed culture of denitrifying bacteria were tested to
determine the effects of initial uranium concentration, hydrogen ion concentration, and temperature on the rate of uranium accumulation by cells in a
single, well-mixed contacting stage. All three parameters affected the rate
of uranium accumulation but had little effect on the equilibrium distribution
coefficient in the range of parameter values studied. For a given set of
conditions, the rate was strongly influenced by species differences (Fig. 4 ) .
For all three cultures, uranium accumulation by washed, resuspended cells was
rapid and a high degree of uranium removal from solution was achieved. As an
example, a cell concentration of 1900 g/m^ (dry basis) succeeded in reducing
the soluble uranium concentration from 10 g/m^ to 0.5 g/m^ in a 60-min contact,
yielding distribution coefficients of approximately 17,000.
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Table 1. Isolation of uranium from solution by microorganisms
during resuspended contact. Initial uranium concentration
was 20 mg/liter. Temperature was 25°C.

Microorganism

Removal

(%)

Cell concentration
(dry basis)
(g/liter)

Metal
distribution8
coefficient

Pseudomonas aeruginosa
(Bacterium)

92

1.2

9,600

Zoogloea 1s:\igrva
(Bacterium)

72

1.0

2,730

Paeailomyaes mapquandii
(Fungus)

94

1.2

13,100

Penioilliion ckrysogenim
(Fungus)

97

3.1

10,300

Ashbya gossypii
(Yeast)

73

7.0

390

Sacchapomyoes aevevisiae
(Yeast)

95

1-3

15,000

^ e t a l distribution coeffici e n t

=

g metal,/g cells (dry)
g metal/g solvent

©
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ORNL DWG 78-578
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T«40°C

TIME, hr
Fig. 4. Removal of uranium from aqueous solution by washed resuspended cells
of Sae'charomyce8 aerevisiae and Pseudomonas aeruginosa.

292

The denitrifying bacteria were then tested for effectiveness in removing uranium
from a solvent extraction raffinate waste solution obtained from the Goodyear
Atomic Gaseous Diffusion Plant in Portsmouth, Ohio. Adjustment of the solution
pH to 4 followed by cell contact and centrifugation lowered the uranium concentration from 4 g/m-3 to < 0.02 g/m^. Adjustment of pH to 8 resulted in reduction
of other metals of interest (aluminum, iron, copper, chromium) to low solution
concentrations (e.g., iron from 7340 g/m^ to 2 g/m^). Similar results were
obtained with the raffinate waste supplemented with uranium for an initial
soluble concentration of 100 g/m^. On the basis of this information, a
preliminary processing strategy was developed for aqueous waste streams which
contain both nitrate and dissolved heavy metals (e.g., uranium). The conceptual
process design consists of two primary unit operations—a bioreactor (which
generates a ' biosorbent" as a by-product of the nitrate conversion reaction)
and a contactor (for removal of dissolved heavy metals by the "biosorbent").
The "biosorbent," excess cells from the denitrification bioreactor, is cycled
to the contactor located upstream of the bioreactor in the flowsheet. Ttmi, the
presence of possible growth-inhibiting heavy-metal constituents in the waste
stream would not interfere with bioreactor performance, and the ability to use
different process conditions for the two unit operations yields a more favorable
overall process performance.
Several contactor designs for continuous heavy-metal removal have been tested,
and a countercurrent contacting column has proved to be quite effective. By
continuously feeding denitrifying bacteria grown on coal particles in the
fluidized-bed denitrification bioreactor to the top and pumping a solution
containing 25 g/m^ uranium up through the column, an effluent uranium concentration of ^0.5 g/m3 was obtained with a liquid residence time of only ^8 min
(Fig. 5 ) .
Pilot-Plant Tests
The DOE Gaseous Diffusion Plant at Portsmouth, Ohio (PGDP) and ORNL are engaged
in a joint R&D effort to develop fluidized-bed denitrification bioreactor
design data in support of a full-scale waste effluent design and installation
program for PGDP. The nitrate load for the Portsmouth Plant in the mid-1980s
is estimated at 40 MT of nitrate per year, at an average concentration of 30,000
g(N03~)/m^. Many of these wastes consist of solvent extraction raffinates and
nitric acid cleaning solutions.
The pilot-plant tests being carried out at ORNL use both actual and synthetic
raffinate waste. The solvent extraction raffinate is neutralized to pH 7.0 with
NaOH, using critically safe in-line mixers, a slant tube clarifier, and a
horizontal vacuum belt filter. The filtered effluent is stored in tanks. Any
uranium present in the raffinate is precipitated at pH 7.0 along with the other
constituents.
The neutralized and clarified raffinate is mixed with ethanol, as a carbon source,
and the other trace nutrients needed for good biomass growth. The resulting feed
mixture is fed (16 liters/min) to the biodenitrification pilot plant, which
consists of two bioreactors, each about 7.5m high fabricated from 8-in.-diam
sched 10 pipe and arranged in series (Fig. 6 ) . Vibrating screens, 60 cm in
diameter, are used for biomass removal.
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Continuous countercurrent contactor for removal of heavy metals.
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Pilot plant design.
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Conclusions
The fluidized-bed biological denitrification process is an environmentally
acceptable and economically sound method for the disposal of nonreusable
sources of nitrate effluents. A very high denitrification rate can be obtained
in an FBR as the result of a high concentration of denitrification bacteria in
the bioreactor and the stagewlse operation resulting from plug flow in the
reactor.
The overall denitrification rate in an FBR ranges from 20- to 100-fold greater
than that observed for an STR bioreactor. It has been shown that the system
can be operated using Ca'' , Na , or NH^ cations at nitrate concentrations up
to 1 g/liter without inhibition. Biological sorption of uranium and other
radionuclides (particularly the actlnides) from dilute aqueous waste streams
shows considerable promise as a means of recovering these valuable resources
and reducing the environmental impact; however, further development efforts are
required.
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USDOE RADIOACTIVE WASTE INCINERATION TECHNOLOGY: STATUS REVIEW
Leon C. Borduin
Los Alamos Scientific Laboratory
Los Alamos, NM
Anibal L. Taboas
US Department of Energy
Albuquerque, NM
ABSTRACT
The current inventory of radioactive waste from the
defense and commercial industries is ^2 x 10° m^ and increases
M.0'* m^/yr due to current operations. Most of this waste can
be classified as combustibles, liquids and sludges, or as noncombustible solids. The very substantial combustible fraction,
which has the greatest potential for effective waste treatment,
constitutes an average of 40% of the newly generated waste.
Proper incineration reduces waste mass and volume and results
in a more homogeneous and chemically inert waste form that can
usually be disposed where the original waste form could not.
Further, incineration significantly enhances the safety and
certainty of waste handling, packaging, storage, and/or disposal operations.
Early attempts to incinerate radioactive wastes met with
operation and equipment problems such as feed preparation, corrosion, inadequate off-gas cleanup, incomplete combustion, and
isotope containment. The US Department of Energy (DOE) continues to sponsor research, development, and the eventual demonstration of radioactive waste incineration. In addition,
several industries are developing proprietary incineration
system designs to meet other specific radwaste processing
requirements. Although development efforts continue, significant results are available for the nuclear community and the
general public to draw on in planning.
This paper presents an introduction to incineration concerns, and an overview of the prominent radwaste incineration
processes being developed within DOE. Brief process descriptions, status and goals of individual incineration systems, and
planned or potential applications are also included.
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USOOE RADIOACTIVE WASTE INCINERATION TECHNOLOGY: STATUS REVIEW
Leon C. Borduin
Los Alamos Scientific Laboratory8
Los Alamos, MM
Anibal L. Taboas
US Department of Energy
Albuquerque, NM
Radioactive waste generation is associated with four sectors of our economy, namely: a) government - defense and RAD
activities within DOE, and minor generation by other agencies;
b) commercial nuclear power reactor; c) institutional - medical
and educational; and d) industrial, such as in production of
power sources and In nondestructive testing. Uranium mining
and milling operations also generate residual volumes with
natural radon and radium, however, the potential hazards have
not yet been determined, hence these residues are not considered in this paper as candidates for volume reduction. The
pressure to reduce the volume of radioactive waste generated 1s
reflected by the increasing unavailability of commercial sites
for the shallow land burial of low-level (LLW) and for the
retrievable storage of transuranic (TRU) waste.
Estimated annual generation of LLW and TRU from 1980 to
1983 are ^0,000 m3/yr and -v8,600 m 3 /yr, respectively. The
government sector generates *&% of the LLW and ^80% of the TRU
waste. Commercial power reactors contribute ^A5% of the annual
LLW generation, with the remainder equally divided between industrial and Institutional generation. Decontamination and decommissioning (D&D) of commercial facilities 1s expected to
contribute ^15% of the annual TRU generation over the next 5
years and then decrease to negligible amounts. Commercial TRU
generation (other than DAD) is projected to remain at
^375 m 3 /yr. In the event of fuel processing, both LLW and TRU
generation rates could double in less than 5 years.
Ta)Report prepared under US Department of Energy Contract
W7405 ENG-36.
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Typical examples of the four main physical forms of the
waste are:
a)

liquids - scintillation fluid, solutions from laundry, decontamination and acid etching, biological
cultures, scrubber fluids, water, oil, grease, and
radiopharmaceuticals.

b)

solid absorbed liquids - filter sludges, evaporator
bottoms, spent resins, demineraiizer regenerant, and
animal carcasses.

c)

dry combustibles or compactibie solids - paper, plastics (polyvinyl chloride LPVCJ, polyethylene,
polypropylene, etc.), rubber, cellulosics, organic
resins, filters and detectors.

d)

dry noncombustibles or noncompactibie solids - cartridge filters, small tools, irradiated components,
glassware, shielding materials, piping, pumps, gloveboxes, pacemakers, and surplus facilities.

Depending on the source of waste, combustibles range from
20 to 90% of the waste volume and have an average of greater
than 50% of all LLW and TRU combined. Organic materials may
produce hazards ranging from the ignition of solids to explosive and potentially corrosive mixtures from gas generation.
Gas generation results from bacterial decomposition, hydrolysis, and corrosion, and to a lesser extent from decay of alpha
particles.
Effective incineration completely eliminates organic hazards. Other benefits are the destruction of many toxic chemicals, volume and mass reduction, and a resulting inert waste
form which is uniformly compatible with recovery, immobilization, and disposal.
Each major waste composition imposes specific requirements
on the Incineration system, and tradeoffs must be made. Some
considerations are: a) nature and specific activity of the
waste (I.e., feed preparation - sorting and crushing, Pu-238 vs
Pu-239); b) required processing throughput for eliminating
waste Inventories and for criticality control; c) net volume
and mass reduction, including secondary waste generation from
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decontamination of facility, off-gas, and from additives for
immobilization; d) off-gas system removal of airborne participates (ash carryover) and toxic gaseous radioisotopes; e)
instrumentation and control system for accountability assurance
of complete combustion; and f) possible remote handling and
maintenance. Incomplete combustion may result in excess generation of HC1, H2S, CO, CH4, C2H2, C2H4, C6H6, C7H8, and HCN.
Local conditions may influence the effectiveness of an incinerator such as the compatibility with downstream processes, desired end-product characteristics, flexibility, and available
resources.
Early attempts**2 to incinerate radioactive wastes met
with operational and equipment problems such as feed preparation, corrosion, inadequate off-gas cleanup, incomplete combustion, and isotope containment. The US Department of Energy
(DOE) continues to sponsor research, development, and demonstration of radioactive waste incineration. In addition,
several industries are developing proprietary incineration
system designs to meet other specific radwaste processing
requirements. Although development efforts continue, significant results are available for the nuclear community and the
general public to draw on in planning.
This paper presents an introduction to incineration concerns, and an overview of the prominent radwaste incineration
processes being developed within DOE. Brief process descriptions, status and goals of individual incineration systems, and
planned or potential applications are also included.

ACID DIGESTION PROCESS
In the early 1960's, a chemical system using seleniumcatalyzed sulfuric acid (H2SO4) for wet oxidation of combustible wastes was tested in pilot plant equipment at Riso,
Denmark. Substitution of nitric acid (HNO3) as the oxidant in
place of the selenium catalyst was first investigated at HEDL
in early 1971. Initial laboratory tests using a combination of
hot concentrated H2SO4 and HNO3 showed that a wide variety of
potential waste materials were readily decomposed. The sulfuric acid serves primarily to carbonize the wastes and to
provide a high temperature medium (250°C) for the subsequent

302

oxidation of the carbonized waste by HNO3. In 1975, HEDL
initiated an acid digestion development/demonstration project
for the treatment of transnranic combustible wastes.3
Process Description
In the acid digestion process, shredded combustible wastes
are added continuously to a simmering H2SO4/HNO3 solution (^91
wt.% H2SO4 at 250°C). The acids convert the waste to a low
volume, nonreactive solid plus water vapor and CO2. Low-level
radioactive waste materials typical of the nuclear industry
have been processed in glass-lined equipment at rates as high
as 4 kg/hr. The process is readily controlled by adjusting the
HNO3 or waste addition rates. Criticality control is attained
by use of geometrically favorable equipment and administrative
control.
In the present system (Fig. 1) shredded waste is fed
incrementally into the heated digester vessel annul us where it
is contacted with HNO3 and H2SO4. The acid slurry is transferred to the annular heating vessel where additional digestion
occurs and is then returned to the digester vessel via an airlift circu^jtor. Solids which accumulate in the system are
periodically transferred to evaporator pots, from which H2SO4
is evaporated at 350°C and returned to the digester for reuse.
The resulting dry powder product is composed primarily of inorganic sulfates and oxides and is thermally stable when heated
in air. Plutonium remains with the process residue.
Off-gases leaving the digester consist primarily of H2O,
CO?, CO, SO3, NO2, NO, N?0, N 2 , and HC1. Nitrogen dioxide
(NO2) readily oxidizes SO2 to SO3, and addition of O2 from air
to the off-gas is used to convert NO to NO?. NO?, SO3, and HCL
are readily stripped from the off-gases using a dilute acid
scrub. Spent scrub acid is concentrated, fractionated, and the
recovered sulfuric and nitric acids are returned to the digester. Water, HC1, and a small amount of NO X are released to
the off-gas stream from this operation. The nitrogen converted
from HNO3 during digestion (about 30% of the input! also exits
via the off-gas train.
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Status and Goals
Engineering feasibility of the acid digestion process has
been demonstrated during a 6-month campaign in which 2100 kg of
low activity TRU waste were processed in a 3 kg/hr radioactive
pilot plant test facility. A 10 kg/hr unit for treating radioactive wastes has been installed and tested and will begin
processing plutonium-contaminated wastes in the first quarter
of 1980.
The higher rate digestion facility will be used to demonstrate reliability by processing both low activity TRU and high
plutonium activity wastes from production and from decommissioning. In addition, the ability to process special waste and
scrap forms such as ion exchange resins, liquids, and sludges
will be evaluated. Testing of other special waste forms will
also be performed as the need arises.
Application of this process to waste streams other than
TRU (i.e., beta gamma waste, reactor waste, etc.) is being
investigated on an international basis and HEDL is cooperating
with a number of foreign countries in an effort to foster a
coordinated cooperative development and to minimize costs. An
international workshop on acid digestion development, sponsored
by OECD, will be held in Rich!and in October 1980 with participants from the United Kingdom, Germany, France, Switzerland,
the Netherlands, and Japan.

CONTRCLLED-AIR INCINERATION (CAI)
Control!ed-air systems use the concept of multiple-chamber
burning to achieve complete waste combustion. Wastes are
charged to the first chamber where they burn at near stoichiometric conditions. Products of partial oxidation and volatilization flow into secondary heated chamber(s) where excess air
conditions provide complete combustion. This mode of operation
produces a nonturbulent combustion environment which minimizes
entrainment of fly ash. Three DOE incineration studies, a
demonstration project at Los Alamos Scientific Laboratory
(LASL) and two units at Savannah River Laboratory (SRL), are
based on the control1ed-air concept.
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CAI Demonstration (LASL)4.5
In 1973, LASL was directed to evaluate current incineration and off-gas treatment technology for combustion of asgenerated TRU wastes. A controlled-air incinerator coupled
with high-energy aqueous off-gas cleanup equipment was selected for development and engineering demonstration. The 45
kg/hr treatment process includes many commercially available
components which were modified to meet actinide containment requirements. System selection c r i t e r i a included f l e x i b i l i t y to
accept a wide range of feed compositions, ease of combustion
rate control, low particulate emissions from the incinerator,
high combustion efficiency, and the a b i l i t y to tolerate r e l a t i v e l y high levels of noncombustibies.
Process Description
The CAI process, shown as a simplified i l l u s t r a t i o n in
Fig. 2, is divided into fotir subsystems: feed preparation and
introduction, the incinerator, off-gas cleanup, and scrub-solution recycle. The core process consists of a two-stage,
refractory-lined, natural-gas-fired incinerator combined with a
high-energy aqueous scrub system and high-efficiency particulate a i r (HEPA) f i l t e r banks. An induced-draft configuration
maintains negative internal draft to assure radioisotope
containment.
TRU wastes are received in 0.06 m^ cardboard boxes. Prior
to incineration, these packages are assayed for TRU content and
passed through an x-ray assembly to detect incompatible items
such as large noncombustibles and bottles of explosive l i q u i d .
Wastes are charged batchwise via a ram feeder to the lower
incinerator chamber. Underfire a i r admission maintains
slightly richer than stoichiometric oxygen concentrations.
Normal combustion temperatures range from 800 to 1000°C.
Unburned v o l a t i l e compounds and particles from the lower chamber burn to completion under high excess a i r in the upper chamber. Secondary a i r is introduced in the duct connecting the
two chambers, and a nominal temperature of 1100°C i s maintained
by a second natural-gas burner.
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Gravity ash dropout to a hopper and pneumatic transport
system permits continuous incinerator operation. A vacuum ash
removal system permits thorough cieanout of both chambers.
Exhaust from the CAI upper chamber, containing inorganic
acids and a small amount of particulates, sequentially passes
through a quench column, venturi scrubber, packed column, and
HEPA filters before release to the environment. In the quench
column, exhaust gases are cooled from 1100°C to 95°C by direct
spray contact with recycled scrub solution. The cooled gases
pass through a variable-throat venturi where high turbulence
and liquid droplet contact remove most remaining particulates.
Residual mineral acids are removed from the gases by countercurrent contact with recycle scrub solution or fresh water. A
condenser removes the bulk of water vapor from the scrubbed gas
stream, and reheaters raise the gas temperature to avoid
condensation in the filter housing and induced draft blower. A
roughing filter followed by two sets of HEPA filters in series
provides for final removal of particulates.
Scrub solution recycle is used to minimize liquid waste
generation. Cartridge filters remove contained particulates,
automatic caustic addition maintains a slightly basic
condition, and the graphite heat exchanger cools the recycle
solution to approximately 50°C. The scrub solution then enters
a receiver surge tank for recycle to the quench column and
venturi scrubber. In addition, the condensate obtained from
off-gas conditioning prior to HEPA filtration is pumped to the
packed column in lieu of using fresh water.
Status and Goals
Nonradioactive development was completed during September
1979; TRU operations began in December. A few of the more
significant results to date are:
(1) the CAI has been operated at the design feed rate of
45 kg/hr with good agreement between observed and
calculated parameter values;
(2) mass and volume reduction ratios of 10:1 and 40:1,
respectively, were realized for combustion of the
simulated design basis feed (35* cellulosics, 23%
polyethylene, 12$ PVC, and 30$ rubber); and all
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constituents of the anticipated waste feed have been
burned in the CAI at concentrations up to at least
50% of the charged waste;
(3) more than 800 hours of operating time have been logged on the complete system with no adverse signs of
corrosion, erosion, or wear on any of the primary
components;
(4) the off-gas cleanup subsystem has functioned very
satisfactorily even under abnormal operating conditions. The maximum chloride and sulfate ion
concentrations measured at the HEPA filter station
were on the order of 10 ppm. HEPA filter life has
been demonstrated to be in excess of 230 hours of
operating time;
(5) some 230 kgs (56 boxes) of TRU contaminated wastes
generated by a LASL plutonium facility were processed
through the CAI system. The overall operation was
very satisfactory and all combustible secondary
wastes, e.g., spent liquid filter cartridges, were
charged to the incinerator at the conclusion of the
run. The realized primary volume reduction ratio
significantly exceeded the 40:1 predicted by
nonradioactive experiments.
A final demonstration run with TRU waste will complete the
CAI demonstration program for as-generated Defense solid
wastes. Experimental results, equipment design specifications,
and recommended operating procedures are being assembled for
publication in FY 1980.
Transfer of CAI technology to other DOE sites and to the
commercial nuclear industry is a continuing objective. Two
operational units which incorporated LASL-supplied equipment
specifications and operating information are located at the
Lawrence Livermore Laboratory (LLL) and the Westinghouse
nuclear fuels plant in Columbia, SC. The LLL incinerator is
used for disposal of pathological and other nonradioactive
hazardous wastes; the Westinghouse unit will be used for
uranium recovery and waste volume reduction. In addition,
operational use of the CAI process is planned at Savannah River
Laboratory (see following section) and at LASL.
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Commercialization of the CAI process for treatment of LLW
generated by the nuclear industry is a near-term DOE goal.
Proposals are being considered in which nuclear utility,
vendor, and DOE funds would be used to provide for operational
demonstration at a reactor or a regional incinerator site.
Low Level Waste CAI (SRL) 6
A reference incineration process is being developed at SRL
to reduce the stored volume of combustible process waste contaminated
with low-levels of beta-gamma emitters. More than
5660 m 3 of this waste is disposed of annually in burial ground
trenches. Volume reduction realized from incineration is
anticipated to be a ratio of 20:1. The incinerator will also
be used to dispose of an inventory of 6 x 10= L of degraded
solvent from chemical separations and the current generation
volume of 19,000 L/yr.
Process Description
The planned process (Fig. 3) incorporates a two-stage,
185 kg/hr controlled-air incinerator similar in design to the
LASL demonstration unit. Due to the presence of tributyl phosphate solvent in the waste, powdered lime is added to react
with the phosphorus and prevent the formation of highly corrosive P2O5. Solvents not containing phosphorus are spray Injected directly into the primary chamber while the secondary chamber provides for complete combustion.
Equipment is provided for cooling, neutralizing, and filtering the incinerator off-gas. A spray quench reduces the
gas-phase temperature to 150°C prior to prefiltration. This
reduced temperature 1s necessary to ensure the deposition of
volatiles and to prevent adsorption of moisture by hygroscopic
salts on the sintered-metal prefilters. Hydrochloric acid and
SO2 in the off-gas are neutralized by a lime coating on the
prefilters; residue buildup is controlled by reverse flow purging and gravity discharge in drums. Prior to HEPA filtration,
the gases are further cooled by air dilution to 90°C.
Status and Goals
A full-scale nonradioactive demonstration unit of this
design Is proposed for construction and testing during 1980.
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Budget estimates for the production LLW incinerator f a c i l i t y
are being prepared for 1982 funding.
Alpha Waste CAI (SRL)7
A 5 kg/hr throughput controlled-air incinerator, also
known as the electric air incinerator, is being developed for
combustion treatment of Savannah River Plant solid TRU wastes.
The unit is designed specifically to incinerate small quantities of solid wastes contaminated up to 105 times the minimum
of 10 nCi/y alpha activity of TRU waste.
Process Description
A ceramic two-stage e l e c t r i c a l l y heated controlled-air i n cinerator employs a three-stage wet off-gas system prior to
HEPA f i l t e r i n g (Fi j . 4 ) . The waste feed is mechanically shredded and packaged in 250-g, 10-cm by 23-cm long paper bags prior
to incineration. These packages are dropped from a rotating
feed magazine through a double-valve airlock and rammed into a
silicon carbide horizontal primary combustion chamber. The
waste is semipyrolyzed at 700-900°C with substoichiometric
purge a i r . At the exit of the primary tube, the ashes f a l l
into a lower retention chamber where they can be removed
periodically through a double-valve airlock. The pyrplysis
gases are burned in a mixing nozzle where excess a i r is added
in the f i r s t tube of the vertical labyrinth afterburner. Nine
cast alumina afterburner tubes are connected in series by cast
manifolds to create a continuous tortuous path. The purpose of
the long labyrinth is to provide an off-gas residence time of
up to 8 seconds at 1000°C to ensure complete combustion. The
top manifold blocks contain access plugs for cleanout, instrument probes, sight glasses, and exhaust ports. I t is possible
to vary the useful length of the afterburner and experimentally
define the optimum afterburner volume for the future production
incinerator.
The off-gas treatment consists of three independent l i q u i d
scrubber systems: a venturi quench, a fibrous-bed scrubber, and
a packed-bed contactor to neutralize HC1 formed from the burning of PVC. The purpose of three independent scrubber loops is
to minimize the volume of TRU-contaminated salt from the evaporation of the scrubber solutions. Most particulates are captured in the f i r s t two scrubbers; hence, the neutralizing
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Figure 4 . SRL Electric Air Incinerator Facility
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scrubber is last in the scrubbing sequence. The first two
isolated scrubber loops continuously recycle water which
becomes saturated with HC1, but retain the off-gas particulate. In-line filters in the two scrubber loops remove
entrained particulates and tars. With infrequent replacement
of the water in these loops, generation of TRU-contaminated
salt is sharply reduced.
The incinerator off-gas undergoes final filtration by
passing through HEPA filters series before release. To prevent
blinding of the HEPA filters by condensate, the saturated
effluent from the scrubber is then superheated to pass through
the filters in a dry state. The gas flow is induced by a
blower which maintains a negative draft and discharges to the
atmosphere.
Incinerator Description
A cutaway view of the incinerator is shown in Fig. 5.
Distinguishing features of the incinerator are compactness,
light weight, and ease of assembly provided by using prefabricated ceramic components to form two combustion chambers, surrounded by 25 cm of packed fiber insulation within a 0.65 cmthick airtight steel shell. The vertical tubes and mainfolds
maintain an airtight seal by the compressive load of their own
weight.
Thermal expansion is compensated by the freestanding tubes
and independent manifolds. Thermal cycling of the ceramic components is minimized by maintaining the unit at operating temperatures continuously, Because the thermal yield of the burned
waste is low, supplemental heating is required. Electric heating is used for intrinsic safety by minimizing off-gas from
high activity transuranic wastes. Girdle heaters on the outside of the tubes and flat plate heaters on the end manifolds
provide 125 kw heat input to the incinerator.
Status and Goals
Over 250 kg of nonradioactive wastes characteristic of
Plutonium finishing operations have been incinerated at
throughputs exceeding 5 kg/hr for periods up to 6 hours. Safety and reliability were major design objectives. The projected
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Figure 5 .

SRL Full-Scale Prototype Electric Air Incinerator
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waste feed consists of 31% celluiosic, 27% PVC, 21% polyethylene, and 21% rubber.
Upon completion of an i n i t i a l experimental phase to determine process sensitivity and f l e x i b i l i t y , the f a c i l i t y w i l l be
used to develop bases for the production unit Safety Analysis
Report, technical standards, and operating procedures. Operational processing of freshly generated TRU waste is scheduled
to begin in 1981.

CYCLONE INCINERATION
A cyclone incinerator has been developed at the Mound Fac i l i t y for disposal treatment of radioactive solid wastes. 8
The concept provides the option of using a typical steel waste
drum as the primary combustion container or substituting a more
permanent vessel for this service. Design simplicity and low
capital costs are attractive features of this incineration
system.
Process Description
The cyclone incineration process has been demonstrated
with as-generated alpha-contaminated wastes from the Mound Fac i l i t y . Approximate mass-basis analysis of the feed was recorded as follows: 32% paper, 9% PVC, 29% polyethylene, 8%
polypropylene, 13% rubber, 3% cloth, and 6% metal. Uncompacted
wastes burn at an average rate of 27 kg/hr. Compaction of the
waste feed was found to slow the combustion r a t e .
Figure 6 is a process flow diagram showing major components of the overall process. Induced-draft fans provide system flow and maintain a negative draft throughout the process.
The combustion unit proper consists of two chambers, a fixed
upper section which includes the a i r i n l e t piping and b a f f l i n g ,
and a lower removable section which usually is the original
steel waste container. During operation, cooling panels are
placed around both chambers.
Combustion a i r enters the Induction cover atop the drum
tangentially at a rate (300 scfm) which causes a downward
spiral to be created. Wastes, ignited by a small quantity of
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liquid fuel, burn uniformly downward, while combustion gases
move upward inside the spiral. Hot combustion gases (up to
1320°C) pass through baffles, which reduce particulate carryover, and enter the deluge tank where they are cooled and
scrubbed of acid gases and particles. The gases then pass
through a venturi scrubber, demister, HEPA filter, and finally
through the fan to the atmosphere.
Scrub liquid is continuously recirculated through the deluge and recycle tanks, heat exchanger, and vertical leaf filter. Particles in the deluge solution are removed by the vertical leaf filter, which is periodically emptied. Because acid
gases are absorbed and neutralized in the deluge liquid, the
solution pH is continuously monitored and the reacting base is
replenished as required. In addition, recirculation flow rate
and temperatures throughout the system are monitored continuously. Gases discharged to the atmosphere are sampled for
radioactivity as well as N0 x and S0 x content.
In a batch operation, a drum of waste is moved into position, either remotely or manually depending upon the level of
radioactivity. The drum is raised on a pneumatically operated
platform until it fits snugly under the air induction cover.
Once in position, the ignition system is turned on long enough
to ignite the waste. The blowers are then turned on causing a
cyclone to form within the drum and the fire to quickly reach
high intensity.
The blowers continue to operate until the drum is cooled
to a manageable temperature. A probe in the off-gas line
indicates a temperature drop when the waste has been consumed.
Ash is conveyed pneumatically to an interim storage container
prior to immobilization. The drum can be recycled or compacted
as necessary.
Status
More than 6000 kg of low-level plutonium wastes have been
burned at Mound Facility since December 1976. Realized mass
and volume reduction ratios were 10:1 and 43:1, respectively. Preliminary design criteria have been published.
Present development efforts are focused on adapting the
cyclone incinerator for use with LLW as well as TRU wastes.
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Fission-product distribution and off-gas system studies are in
progress. In addition, a substantial effort is being expended
to facilitate commercial use of this concept. Demonstration
tests are planned for radioactive operation at a nuclear
u t i l i t y site by 1984.

ELECTROMELT INCINERATION
The adaptation of electric glass-melting furnaces for the
incineration and simultaneous fixation of resultant residues in
glass is a relatively recent concept proposed for the treatment
of radioactive wastes. Technology for producing high-quality
glasses using the conductive properties of glass at elevated
temperatures is well established. Units capable of producing
up to 140 tons per day (TPD) of glass product have been operated successfully for many years.
Penberthy Corporation, located in Seattle, Washington, has
constructed small furnaces in which toluene, glass scraps, paper, wood, concrete, rubber, plastics, and small amounts of
metal have been treated.9 They presently are building an electromelt incinerator capable of treating up to 112 kg/hr of toluene or 225 kg/hr of cellulosic wastes. Based on combustion
experience to date, it is projected by Penberthy that a 140
TPD-glass furnace could accept up to 700 TPD of waste feed.
Process Description
A conceptual flowsheet of the Penberthy Pyro-Converter®
process Is shown in Fig. 7. Solid wastes are ram fed into the
molten glass; liquid and slurry wastes are piped at controlled
rates onto the pool surface. Temperature of the glass is maintained above 1260°C by immersed electrodes. Materials ignite
and burn on entering the molten glass and adequate residence
time is provided to assure complete combustion. Evaporation
and ash residues along with melted noncombustibies combine with
the glass which 1s drained off periodically as excesses are
generated. Depending on the waste composition, various additive compounds are fed to the electromelt bath to assure that
the glass/waste matrix is chemically durable. The glass product discharges into canisters which, after cooling, are ready
for transport to final disposal.
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Flue gases pass through a set of ceramic fiber prefilters
before entering a low-energy aqueous scrub system for cooling
and neutralization prior to charcoal and HEPA filtration.
System flow is maintained by induced-draft fans. Sludges and
filter elements generated by off-gas cleanup operations will be
charged to the furnace to minimize secondary waste generation.
Status and Goals
The preliminary and somewhat proprietary nature of the
electromelt incineration concept precludes detailed description
of the process; however, potential advantages as well as
disadvantages are apparent. Use of the Joule effect to provide
supplemental process heat will substantially reduce the total
process off-gas volume compared to an equivalent fossil-fuel fired incinerator. Conversely, the cost of electric power
requirements (estimated at 800 kwH per ton of product) could
exceed greatly the cost of required fossil fuel.
Many design provisions presently are unknown or
unavailable, e.g., afterburner requirements, off-gas cleanup
needs, capacity to handle noncombustibles, and overall system
reliability. Development studies presently underway should
provide many answers and more adequately define the role of
electromelt incineration in radwaste treatment.
Immediate interest in this process lies in LLW treatment
and in the immobilization of TRU residues from the slagging
pyrolysis incinerator (SPI). Potential of the electromelt
process for treatment of institutional wastes is being
considered. Current plans include the possible fixation of
combined effluents from the SPI and the associated off-gas
cleanup system.

FLUIDIZED BED INCINERATION
Fluidized bed incineration is being developed at the Rocky
Flats Plant (RFP) as an alternative to conventional incineration for processing combustible radioactive wastes.10 The primary project objective is to demonstrate a production-scale
treatment process for TRU wastes; however, extensive development work related to other nuclear fuel cycle wastes has been
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completed.H Development of the fluidized bed combustion technology was completed with a 9 kg/hr pilot unit and demonstration runs are being conducted in an 82 kg/hr production-scale
plant. The fluidized bed process incorporates three unique
concepts : (1) sodium carbonate (Na2C03) bed material provides
for in situ neutralization of acid gases produced by combustion
of materials such as PVC; (2) a catalytic afterburner is used
to provide complete combustion; and (3) a nonflaming lowtemperature combustion is maintained throughout the system.
Process Description
Figure 8 is a flow schematic of the fluidized bed incineration demonstration plant. The entire operation is carried
out within a hot cell and utilizes glovebox enclosures to contain radioactive contamination. Analysis of TRU waste to be
charged to the process indicated the following approximate
composition: 5015 paper, 22% polyethylene, 9% cloth, 5% wood
(HEPA filter frames), 4% PVC, 42. latex rubber, and lesser
amounts of leather and other plastics. Waste passes through an
air lock into a feed preparation glovebox where it is hand
sorted for removal of large-size tramp metal. Combustibles are
then fed into a low-speed, cutter-type shredder for coarse
shredding. Small pieces of tramp metal not detected during
hand sorting are shredded along with the combustibles. Coarse
shredded material passes through an air classifier for removal
of most of the remaining tramp metal. Metal separated by the
classifier falls into a glovebox where it can be bagged out for
disposal. The waste, containing trace amounts of metal, is
pneumatically transferred into a second shredder for final
sizing prior to incineration. A constant-pitch tapered screw
feeds the shredded waste into a primary reactor of heated
Na2CO3 granules which are fluidized by compressed air and
nitrogen. Within the hot fluidized bed, the waste is decomposed by partial combustion and pyrolysis which producessufficient heat to maintain a bed temperature of 550°C. The airnitrogen ratio of the fluidization gas is adjusted to promote
the desired amount of combustion without open flame burning.
Within the fluidized bed of Na2C03, in situ neutralization of
acid gases is accomplished. Off-gas from the primary reactor
passes Into a cyclone separator where most of the entrained
NagCOs, NaCl, and fly ash are removed before the gas enters the
catalytic afterburner. Combustion air is added to the gas
stream as it passes through a fluidized bed of oxidation
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catalyst. Convective heat from the afterburner is removed by a
water jacket.
Flue gas leaving the catalytic afterburner contains fly
ash, catalyst dust, and small amounts of NagCC^, and NaCl fines
not removed from the primary reactor off-gas by cyclone separation. About 75 to 85% of this dust is removed by passing the
gas stream through a second cyclone separator. The remainder
Is removed as the gas passes through a bank of sintered metal
filters prior to cooling to 50°C in a water-cooled heat exchanger. The cooled flue gas is then pulled into four highspeed blowers which maintain a slightly negative draft throughout the system. Off-gas from the process passes through a bank
of HEPA filters prior to exiting through the building plenum
system of four-stage HEPA filtration. Dust removed by cyclone
separation and sintered metal filtration is cooled in the
residue conveyor during transfer to a drum for disposal.
The development plant will feature automatic control systems to regulate bed temperatures within the primary reactor
and catalytic afterburner. The primary bed temperature will be
controlled by the air-to-nitrogen ratio of the fluidization
gas. Catalytic afterburner temperature will be regulated by
the quantity of waste being fed into the system.
Status and Goals
Waste burning operations in the fluidized bed Incineration
demonstration plant began in November 1978. During four 100hour runs more than 13,100 kg of solid wastes were charged to
the system; approximately 30* of this total was TRU-suspect
waste. Process operations were successful with charging rates
exceeding the design rate of 82 kg/hr. Two significant changes
to plant design were made: the sintered metal filter face
velocities were reduced to permit cake disengagement, and air
ejectors replaced the high-speed blowers which proved
unreliable. Modifications to permit liquid waste (compressor
oils, chlorinated solvents) injection are in progress.
Demonstration runs and compilation of design documents will be
completed near the end of FY 1980. Important demonstration
goals will Include the determination of system reliability,
maintenance requirements, and volume reduction capability.
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Fuel cycle waste studies i n the p i l o t - p l a n t f l u i d i z e d bed
i n c i n e r a t o r were terminated at the end of FY 1979, however,
successful burning of HEPA f i l t e r frames, t r i b u t y l phosphate
(TBP) solvent s o l u t i o n s , and polychlorinated biphenyls (PCB's)
was achieved. Immobilization of these residues i n glass was
also demonstrated.
Following demonstration completion, planned use includes
r o u t i n e treatment of RFP-generated low a c t i v i t y TRU wastes. At
present, the f l u i d i z e d bed incinerator i s not proposed f o r
demonstration as a commercial u n i t . Should commercialization
i n t e r e s t develop, the demonstration plant could serve as a
development f a c i l i t y f o r LLW treatment.

PRODUCTION INCINERATORS
Two production i n c i n e r a t o r s , a rotary k i l n and a single
hearth, are being i n s t a l l e d i n a new f a c i l i t y under construct i o n at the Rocky Flats P l a n t . 1 2 Both a**e designed to process
alpha-contaminated wastes; the rotary k i l n system w i l l accept
higher a c t i v i t y material while the single hearth i s r e s t r i c t e d
to trace a c t i v i t y wastes. Descriptions of the process systems
are combined in the following paragraphs.
Process Description
S i m p l i f i e d flow diagrams for the rotary k i l n and single
hearth i n c i n e r a t i o n processes are shown i n F i g . 9 Solid wastes
to be processed i n these u n i t s w i l l be shipped to the
i n c i n e r a t i o n area i n 208-L drums and cardboard boxes, which
have been assayed and designated as high- or l o w - a c t i v i t y
waste. The anticipated composition of rotary k i l n feed i s
shown i n Table I ; Table I I contains the l i q u i d and s o l i d feed
compositions f o r the single hearth u n i t .
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Table I. Rotary Kiln Feed Composition
Solid Waste
Component
Mass %
Paper
Rubber
Wood
Cloth
Water
Polyethylene
PVC
Leather

46.0
25.0
6.5
6.0
5.0
5.0
1.0
0.5

Liquid Waste
Component
Mass %
Trichloroethane
Carbon Tetrachloride
Cutting Oil
Water
Ion Exchange Resin
Misc. Lab. Waste

36
33
13
8
7
3

Table II. Single Hearth Feed Composition
Mixed Waste
PVC
Polyethylene
Polypropylene
Paper

(Wt. %)
50
12
12
26

Plus batch quantities of leaded dry box gloves, HEPA f i l t e r s ,
and graphite
The rotary k i l n was selected for high activity waste i n cineration because the concept provides for automatic continuous removal of ash and minimal hold-up in the unit. Both
features are advantageous because low melting ash materials are
processed by the unit and fissionable materials hold-up is
minimized. The kfln is 1.8 m internal diameter (ID) by 4.6
m long. Solid waste, supplemental f u e l , and combustion air are
introduced at one end of the unit. Complete ash removal is
accomplished by continued rotation after the feed to the unit
has been stopped. Nominal waste throughput rate is 40 kg/hr.
The single hearth unit was selected for the low a c t i v i t y
waste application primarily for i t s automatic ash removal system and with the hope that extended refractory l i f e would be
obtained with a stationary unit. The vessel is 2.6 m in
diameter and 4.6 m in high. Operation in a cyclic manner w i l l
be as follows:
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1.

Feed Cycle - waste will be charged on a frequency of
about 2.5 kgs every 2 minutes for a period of about
5 hours. During this period the rabble arm will continually mix the burning waste and the ash generated
will accumulate in the unit.

2.

Burn-out Cycle - waste feeding will stop and the unit
will be held at the operating temperature by combustion of supplemental fuel for about an hour to allow
complete burn-out of the solid waste.

3.

Ash-Discharge Cycle - the ash-discharge door will be
opened and the ash raked out by the rotation of the
rabble arm over a half hour period. After the ash
discharge, the unit can be returned to the feed
cycle.

Normal operating temperatures for both incinerators are
800°C in the primary combustion chamber and 1000°C in the
afterburner. Diesel oil is used as supplemental fuel. The
flue gas passes through two stages of high energy venturi
scrubbers, and then enters a filter plenum where it passes
through four stages of HEPA filtration. Fans downstream of
each scrubber provide draft for the incinerator and scrubbing
system. Additional fans downstream of the filters draw the gas
and room exhaust through the filter plenum.
Both incineration processes are installed as hot cell operations. Normal operations will be conducted remotely; maintenance will be performed by personnel in bubble suits Inside the
hot cells.
Status and Goals
Both of these processes have been installed at the Rocky
Flats Plant and the equipment checkout phase is in progress.
Operation with cold wastes will begin in June 1980. Charging
of alpha-contaminated wastes is scheduled to begin in July
1981.
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SLAGGING PYROLYSIS INCINERATION
Slagging pyrolysis incineration (SPI) has been proposed as
the core process for treatment of burled and stored TRU waste
at the Idaho National Engineering Laboratory (INEL). A final
decision awaits completion of the environmental Impact statement (expected 1981); however, to meet a planned 1986 operations start date, conceptual design and R4D efforts in support
of processing alternatives were initiated in May 1979.
The projected 1985 TRU inventory at INEL includes
56,700 m 3 of burled 3 waste, an equal volume of stored material,
and up to 106,300 m of contaminated surrounding soil. Burled
waste includes significant quantities of nonradioactive
hazardous materials, e.g., toxic and pyrophoric chemicals.
Selection of the SPI process to render the wastes inert and
immobile followed extensive evaluation of available
incineration concepts. The constraint that the selected
process be capable of accepting huge volumes of largely
unsegregated waste weighed heavily in favor of the SPI concept.
Process Description
The basic process (Fig. 10), a proprietary system of
ANDCO, Inc. (Buffalo, NY), is a spinoff from steel production
technology and currently is being used in Europe for municipal
waste disposal. Design capacity of the conceptual process flow
sheet is 93.6 mt/day which includes supplemental wood and coal
fuel.
TRU waste will be unpackaged, sorted, and mixed with coal
and wood chips. The incinerator will consist of a vertical,
cylindrical gasifier (1.4 m diameter, 12 m high) and secondary
combustion chamber (SCO. Drying occurs in the upper part of
the gasifier; Incineration and molten slag formation takes
place in the lower refractory-lined section. Preheated air
injected near the gasifier base supports oxidation of the wood,
coal, and combustible waste fraction. Off-gas from the SCC
sequentially passes through a heat recovery boiler, a neutralizing spray dryer, sintered-metal filters, an N0 x catalytic
reactor, and HEPA filters. Particulates from the boiler and
off-gas treatment system are combined with molten slag from the
gasifier and SCC in an electromelt tundish. Material hold-up
and mixing in the electromelt process will produce a more
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uniform slag which, following solidification in a suitable container, will be ready for interim storage or disposal.
Status and Goals
In conjunction with the SPI facility design, the project
is supporting slag product studies to determine leaching and
casting properties as functions of composition and temperature,
mold requirements, vitrification characteristics, and TRU distribution. A 90 mt/day pilot demonstration plant utilizing the
ANDCO process is being designed to obtain operating data for
the incineration and off-gas treatment components. Additional
support tasks Include remote maintenance and operations
studies, TRU assay development, and criticality analyses.
Providing necessary funding levels and approvals are
obtained, the project schedule Includes conceptual design publication in 1980; R&D efforts completion in 1981; start of construction in 1983 with completion in 1986; cold testing during
1986 and 1987; and hot operations beginning in 1987. The total
estimated cost of the facility exceeds $550 million.
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CONCLUSIONS
Primary emphasis to date f o r the majority of DOE i n c i n e r a t i o n projects described i n t h i s report has focused on TRU waste
management and plutonium recovery concerns. Several of these
projects are approaching, or are i n , f i n a l demonstration phases
and r e d i r e c t i o n to other waste management concerns i s being
considered.
Second-generation development p r o j e c t s , such as the study
of i n c i n e r a t o r off-gas systems a t LASL and advanced f i l t r a t i o n
technology studies a t several s i t e s , are underway w i t h the
i n t e n t of r e f i n i n g DOE combustion design technology. Further,
while many aspects of the described i n c i n e r a t i o n technologies
are d i r e c t l y transferable to other nuclear waste a p p l i c a t i o n s ,
some planned uses require modification of the in-place equipment components. To meet LLW i n c i n e r a t i o n needs, several
development and cooperative-venture demonstration projects have
been proposed to define remote handling and off-gas system
requirements. In a d d i t i o n , projects to study i n c i n e r a t i o n
p o t e n t i a l f o r treatment of nonradioactive hazardous waste are
also being considered. DOE resources, f a c i l i t i e s , and personn e l , assembled i n the course of TRU combustion development
projects can and w i l l make a substantial c o n t r i b u t i o n to the
e f f e c t i v e treatment of a broad spectrum of currency
unresolved
problem-waste issues.

332

REFERENCES
1.

General Manager's Task Force, " I n c i n e r a t i o n of Radioactive
Solid Wastes." USAEC Report WASH-1168 (August 1970).

2.

B. L. Perkins, " I n c i n e r a t i o n F a c i l i t i e s f o r Treatment of
Radioactive Wastes: A Review." Los Alamos S c i e n t i f i c
Laboratory Report, LA-6252 (July 1976).

3.

C. R. A l l e n , R. Cowan, J . Devine, "Acid Digestion of
Combustible Waste." Hanford Engineering Development
Laboratory report TME-78-77 (October 1978).

4.

L. C. borduin, A. S. Neuls, T. K. Thompson, C. L. Warner,
" C o n t r o l l e d - A i r I n c i n e r a t i o n Studies at the Los Alamos
S c i e n t i f i c Laboratory." presented at Waste Management ' 7 8 ,
Tuscon, Arizona. LA-UR-78-1065 (March 1978).

5.

L. J . Johnson, e d . , "Nuclear Waste Technology Development
A c t i v i t i e s , January - December 1978." Los Alamos
S c i e n t i f i c Laboratory report LA-7921-PR (June 1979).

6.

H. E. Hootman, "Beta-Gamma Contaminated S o l i d Waste
I n c i n e r a t o r F a c i l i t y . " Savannah River Laboratory r e p o r t
DPSTD-79-34 (October 1979).

7.

J . H. Warren, "Design of an Experimental I n c i n e r a t o r f o r
Alpha Waste." Savannah River Laboratory r e p o r t DP-1521
(August 1979).

8.

L. M. Klengler, B. M. Alexander, and J . E. Todd, "Mound
Cyclone I n c i n e r a t o r Preliminary Design C r i t e r i a - Batch
Waste Operation." Mound F a c i l i t y report MLM-2646
(September 1979).

9.

D i r e c t communication with L. Penberthy, Penberthy
Electromelt I n t ' l . , I n c . , S e a t t l e , Wash.

10.

D. L. Anderson, B. A. B e l l , P. K. Feng, and F. G. Meyer,
" F l u i d i z e d Bed I n c i n e r a t i o n System f o r U.S. Department of
Energy Defense Waste." Rocky Flats Plant report RFP-2811.

333

11.

A. J . Johnson, S. C. Burkhardt, J . A. Ledford, and P. M.
Williams, "Status Report Waste Incineration and
Immobilization for Nuclear Facilities (October 1977 March 1978)." Rocky Flats Plant report RFP-2863.

12.

D. L. Ziegler, "Incineration, Process Fire, and Explosion
Protection," presented at 13th AEC Air Cleaning
Conference. (August 1974).

13.

N. D. Cox et a l . , "Figure of Merit Analysis for a TRU
Waste Processing F a c i l i t y at INEL." EG&G Idaho, Inc.,
report TREE-1293 (Octcber 1978).

14.

T. G. Hedahl and M. D. McCormack, "Research and
Development Plan for the Slagging Pyrolysis Incinerator."
EG&G Idaho, Inc. report TREE-13O9 (January 1979).

334

ELECTROFIBROUS PREFILTERS FOR USE IN THE NUCLEAR INDUSTRY*
W. Bergman, R. D. Taylor, H. D. Hebard, B. Y. Lum, W. D. Kuhl, R. M. Boling,
and 0. I. Buttedahl**
Lawrence Livermore National Laboratory (LLNL)
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1. ABSTRACT
High efficiency participate air (HEPA) filters are used in the nuclear
industry to remove radioactive aerosols. Although these HEPA filters are
effective and practical devices, they generate a large volume of radioactive
waste and are costly to purchase and operate. In an effort to reduce the
HEPA's operational cost and volume of radioactive waste, the Department of
Energy (DOE)has contracted with LLNL to develop electrofibrous prefilters to
extend the service life of HEPA filters. A comprehensive program has been
established to conduct theoretical modelling, small-scale laboratory
experiments, prototype development and field evaluations of electrofibrous
prefilters. This paper will review the recent prototype development and field
evaluations of this program.
Compared to a conventional fibrous filter, the electrofibrous filter has a
much higher efficiency and a greater service life. The higher efficiency
results from electrostatic forces that attract particles to the filter
fibers. This electrostatic attraction also causes particles to form a less
restrictive deposit around the fibers, thereby increasing the filter service
life. The electrofibrous filters discussed in this paper are generated by
applying an electric field across a conventional fibrous filter. Prototype
electrofibrous filters have been developed for use in glove boxes and
ventilation systems. The results from two field e aluations in radioactive
glove boxes indicate the electrofibrous prefilter greatly increases the
service life of HEPA filters. In addition, these evaluations show that most
of the radioactive material can be recovered from the prefilter.

2. INTRODUCTION
The HEPA filters used in the nuclear industry to remove radioactive
airborne contaminants are extremely effective and practical devices and will
continue to be so despite the large number of new control devices presently
available. However, HEPA filters generate a significant volume of radioactive
waste and are costly to purchase and operate. The actual cost of materials
and labor to buy, change, test, and dispose of a HEPA filter is several times
its initial purchase price. In an effort to reduce the HEPA's operational

•This work was performed under the auspices of the U. S. Department of Energy
by Lawrence Livermore National Laboratory under contract No. W-7405-ENG-48.
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cost and the volume of radioactive waste it generates, the Nuclear Fuel Cycle
and Waste Management Division of DOE has contracted with LLNL to develop an
enhanced filtration system that will extend the service life of HEPA filters.
The approach selected by LLNL consists of using an electrofibrous prefilter to
take the load off the HEPA filter, since it appears to have a cheater
potential for success than other methods, such as scrubbers and electrostatic
precipitators.
The electrofibrous filter represents the best available technology for
removing airborne particles. Compared to a conventional fibrous filter, the
electrofibrous filter has a much higher efficiency and significantly lower
pressure drop at the same level of particle loading. It also eliminates the
minimum efficiency typically seen for 0.1 - 0.3 urn diameter particles. The
dramatic increase in filter efficiency and life extension due to the added
electrical forces has recently created a world-wide interest in this field. A
symposium on Fibers, Electrostatics and Filters that was held in Princeton,
New Jersey in November 1979, illustrates the diversity of techniques used to
generate electrofibrous filters. Although no proceedings of the conference
were published, a summary of the papers will shortly appear in the Journal of
Air Pollution Control AssociationU/.
The concepts used in our electrofibrous prefilter are not new.
Electrostatics have been used to improve the performance of fibrous filters
since 1930. Although the electrofibrous filters can have a number of
different configurations, all are based on either charging or polarizing the
filter fibers. This generates an electrical force between the fibers and
particles and results in a large increase in the filter efficiency and filter
life. The primary methods for generating electrofibrous filters include
precharging the aerosols, polarizing the filter media with electric fields, a
combination of these two methods and permanently charging the fibers. The
electrofibrous filters presented in this paper are generated by applying an
external electric field across a fibrous filter.
The first investigation of electrofibrous filters generated by electric
fields was initiated by American Air Filter! 2 ) in 1948. These
electrofibrous filters became commercially available in the early 1950's, but
were not widely used. There have been a number of experimental and
theoretical studies since that time (3). In recent years, prototype filters
have been developed by our group (3-5) at LLNL and by Lamb et al (6,7) at the
Princeton Textile Research Institute. Our group uses a fibrous media.while
Lamb's group uses a cloth media. Although neither of the two approaches is
commercially available, both groups are engaged in field evaluations of
prototype units.
The other methods for generating electrofibrous filters are also very
attractive. Precharging the aerosols is accomplished with a corona discharge
upstream of the filter. The highly charged aerosols are captured by the
filter and consequently charge the filter fibers. Two variations of these
techniques are being commercialized. One technique, developed by Reid and
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B r o w n e W , uses a deep bed filter, normally used as a demister pad, to trap
the charged particles. This method is being commercialized by UOP, Inc. The
other technique, developed by Helfritch and Ariman(9) uses a conventional
bag filter to capture the particles. This method is being commercialized by
the Apitron Division of American Precision Industries, Inc. The major factor
for our using the polarized fiber method rather than precharging the aerosols
is the reduced fire hazard associated with this technique. Of course, if
there is no fire hazard from a corona discharge, then the combination of
precharging the aerosols and polarizing the fibers would yield a more
efficient unit.
The most attractive and oldest method for generating an electrofibrous
filter is to permanently charge the filter fibers. These type of filters do
not require external power
supplies and do not pose any fire safety hazard due
to sparking. HansenU 0 ) developed the first permanently charged
electrofibrous filter in 1930 by mixing powdered resin with wool fibers.
Although these type of filters have improved over the years, they still appear
to suffer from the same problems, namely the dissipation of the fiber charge
due to radiation, oil mists and dust load. A remarkable new permanently
charged filter was developed over the past decade by van Turnhout et al
(11,12) aruj i S commercially available from the Verto Company in the
Netherlands. The preliminary test results by van Turnhout(il»12) an(j
Brown(13) show the media also suffers from the fiber discharging, although
to a lesser extent than the resin wool filter. With new developments already
in progress or planned for improving these permanently charged filters, we
expect that the discharging problem will be solved by the mid 1980's.
This report will present the status of our prototype electrofibrous
prefilters being developed for the nuclear industry. Since HEPA filters are
used in both glove boxes and ventilation systems, separate prototype units
were developed for the two applications. After a brief review of our
theoretical and experimental studies, we will present the status of the
prototype filters and the results of two field evaluations on the glove box
filters. The Electrofibrous Prefilter Program at LLNL is a continuing effort,
with the topics presented here still under investigation.
3. THEORY AND LABORATORY EXPERIMENTS
The objective of our theory and laboratory experiments is to understand
the mechanical and electrical filtration mechanisms for both clean and clogged
filters in sufficient detail to optimize the electrofibrus filter. We will
only present the major highlights of our theory and laboratory experiments in
this report. The equations of our theoretical model will not be presented
here. A more extensive treatment is given in several previous
publications(3-5).
Of the various methods for generating an electrofibrous filter, we have
selected the one using a superimposed electric field. Figure 1 illustrates
the basic components of this type of filter in its simplest configuration. A
fibrous filter medium is sandwiched between two perforated electrodes
separated by a spacer. By applying high voltage to one electrode and
grounding the other, an electric field is generated across the filter medium
that polarizes the filter fibers. We have selected this approach for our
application in the nuclear industry because it has a much lower fire hazard
than the method using a corona discharge to precharge the aerosols. We have
also selected a fibrous filter media because it has a significantly lower
pressure drop than other media like the cloth media used in filter bags.
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A. Electrofibrous Filters Have Higlrer Efficiencies.
We will now summarize the theory and laboratory experiments that show the
applied electric field will significantly increase the efficiency and extend
the life of a conventional fibrous filter. Figure 2 illustrates the two
particle capture mechanisms that are responsible for increasing the filter
efficiency. The larger and smaller circles represent the cross sections of
the fibers and the charged particles respectively. The solid lines are the
electrical lines of force, while the dashed lines are the particle
trajectories for the two capture mechanisms. These capture mechanisms are due
to the interaction between a polarized fiber and a charged particle, and the
interaction between a charged fiber and a charged particle. The same basic
mechanisms are also valid for uncharged particles, in which case, we must
replace the charged particles with polarized particles.
When an external electric field is first applied to the filter, the only
capture mechanism is due to the forces between a polarized fiber and a
polarized or charged particle. Tne electric field instantly polarizes the
fiber, which then attracts both charged and polarized particles. The charged
particles that deposit on the fiber then gradually build up a fiber charge,
and, therefore, introduces the second mechanism. This mechanism is based on
the force between charged fibers and charged or polarized particles. The
increased filter efficiency is thus due to a time independent attraction
between polarized fibers and aerosols, and a time dependent attraction between
charged fibers and aerosols. An equilibrium charge is established on the
fiber in a dynamic process of charge accumulation due to the particle deposits
and charge dissipation due to the fiber conductivity. Other researchers have
not considered the t.ime dependent mechanism involving fiber charge and could
therefore not explain many experimental findings.
We have conducted a large number of experiments to understand different
properties of the electrofibrous filter generated by electric fields(3-5) #
Among the many variables studied were face velocity, electric field strength,
transient and steady state fields,-alternating and constant fields, electrode
insultation, fiber packing fraction, fiber size, particle size, particle
charge, fiber conductivity, and filter thickness. All of the experiments were
conducted with a heterodisperse NaCl aerosol having a mass median aerodynamic
diameter (MMAD) of 1.0/urn and Og = 2.0 generated with a Wright nebulizer.
One of the two dramatic improvements that occur when a fibrous filter is
electrified is the significant increase in filter efficiency. Figure 3 shows
the efficiency as a function of particle diameter for the same filter with no
electric field and with an applied electric field of 1 MV/m. The efficiency
curve with no electric field shows the typical minimum for particles from 0.1
to 0.3 jim diameter. The efficiency rapidly increases for both larger and
smaller particles. We should note that all filters, including HEPA filters,
have similar efficiency curves, although the efficiencies may be higher and
the minimum may be shifted to a different particle size. When an electric
field of 1M V/m is applied, the efficiency increases dramatically over the
entire range of particle sizes. As seen in Figure 3, the added electrical
forces have almost eliminated the deep minimum in filter efficiency. This
increase in filter efficiency occurs with no increase in the pressure drop.
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The elimination of the deep minimum efficiency in mechanical filters, when
using electrical forces, allows dramatic new possibilities in filter designs
and applications. For a conventional fibrous filter, the only way to increase
the minimum filter efficiency is to use a more efficient medium, which
unfortunately increases the pressure drop. The pressure drop is then reduced
by increasing the filter surface area which also increases the filter cost.
By superimposing an electric field, the same increase in filter efficiency can
be obtained with an inexpensive filter medium of moderate efficiency. Perhaps
the most important consequence of eliminating the minimum filter efficiency in
conventional filters is the potential for increased protection from exposure
to biological, chemical and radioactive aerosols.
B. Electrofibrous Filters Have Longer Service Life.
The second improvement that occurs when an electric field is applied
across a fibrous filter is the significant extension of filter service life.
The service life of a filter is generally defined as the elapsed time or
particle mass collected when the filter pressure drop reaches an arbitrary
value. When a filter is placed into service, the pressure drop and the
efficiency increases as the filter becomes clogged with particle deposits. If
the filter has a superimposed electric field, the rate at which the pressure
drop and efficiency increases is much lower. This lower rate allows the
electrofibrous filter to be operated for a longer time before reaching the
arbitrary pressure drop.
We have developed theoretical models( 3 > 5 ) that explain the increased
efficiency and pressure drop during filter clogging. These models are based
on the geometry of the particle deposits on the filter fibers. Figure 4 shows
a schematic of the particle deposits for the three filter clogging models. In
each case, the large circle represents a cross section of the filter fiber,
while the smaller circles represent the particle deposits. The dendrite model
shows the particle deposit as branched and straight particle chains extending
from the fiber surface. Other investigators(14,15) nave identified this
type of deposit as being characteristic for particle deposits in conventional
fibrous filters. They have shown that particle chains are formed because of
(1) the random nature of particle collisions, and (2) the shadowing effect by
previously trapped particles. We have developed a mathematical model of this
type of deposit by treating the particle chains as newly formed
fibers( 3 > 5 ). An important feature of this model is the considerable
extension of the particle deposit away from the fiber surface, thereby
significantly increasing the air resistance.
When electrostatic forces are added, the particle trajectories will be
diverted from the air streamlines toward the fiber surface and consequently
decrease the shadow or clean areas on the fiber. For very strong electrical
forces, the shadow may be reduced sufficiently to create a uniform particle
deposit. Particles will then deposit on the fiber surface independently of
previously trapped particles and produce a close packing configuration. This
type of deposit is illustrated in Figure 4 as the increasing fiber model. By
modifying existing mathematical models for clean filters to allow for an
increasing fiber size, we were able to derive equations for the increasing
fiber model(5). Note that the deposit for the increasing fiber model offers
considerably less resistance to air flow than the deposit in the dendrite
model.
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The dendrite and increasing fiber models in Figure 4 represent limiting
cases in which particles either form dendrites or increase the fiber
diameter. However, in practice, we would expect particle deposits to
represent a mixture of the two cases as illustrated by the combined model in
Figure 4. In the early stages of filter clogging, there are very few
particles deposited on the fiber surface. Particle dendrites do not f-orm
until a significant number of particles have already been deposited. Thus, in
the early stages of filter clogging, the increasing fiber model represents the
particle deposit for both cases with and without electric field. During the
intermediate stages of clogging, particle dendrites will be formed on the
non-electrified fiber while most of the deposit on the electrified fiber will
more closely resemble the increasing fiber model. However, as the particles
form a substantial deposit on the fiber, the capture of additional particles
is dominated by the particle deposits and not the original fiber. At higher
particle loadings, the deposits are not constrained to follow the shape of the
original fiber and consequently increase their dendrite character. Thus,
according to our theoretical model, the primary effect of the electric field
is to delay the formation of dendrites. Since particle dendrites have a much
higher resistance than close packed deposits, the delayed formation of
dendrites with the electrified fiber will result in a significantly lower
pressure drop.
We have made a quantitative comparison of the dendrite and increasing
fiber models with experimental pressure drop data. The results are shown in
Figure 5, where we have plotted the pressure drop as a function of particle
mass trapped on the fibers for similar filters with and without an electric
field. The small difference in the initial pressure drop is due to slight
variations in the two filters. As predicted by theory, the filter having the
applied electric field closely follows the pressure drop predicted by the
increasing fiber model at low particle mass. However, at high mass loadings,
the electrofibrous filter deviates sharply from the increasing fiber model and
tends to follow the rate predicted for the dendrite model. We have already
discussed how particle capture at the higher loadings is increasingly
dominated by the particle deposits and less by the original fibers.
A similar trend is seen for the fibers without the applied electric
field. At very low particle loadings, the pressure drop increases at a rate
predicted by the increasing fiber model. This trend is expected since there
are no dendrites formed at very small particle loadings. However, after a
small amount of deposit has formed, the pressure drop rapidly increases and
follows a trend predicted by the dendrite model. Comparing the two cases with
and without an applied electric field shows the primary effect of the electric
field is to delay the formation of dendrites.
The theoretical models and experimental test results have shown that the
applied electric field will significantly increase the efficiency and extend
the life of a conventional fibrous filter. Moreover, the increased filter
efficiency is most pronounced in the particle size range where conventional
fibrous filters have the poorest efficiency. A more extensive discussion of
our theoretical models and laboratory experiments is presented elsewhere
(3-5). The results of these studies are being used to optimize the design of
prototype units.
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4. APPLICATIONS IN THE NUCLEAR INDUSTRY
HEPA filters are the key elements of all nuclear air cleaning systems.
Unfortunately, they are expensive to use, generate a large volume of
radioactive waste and are rapidly plugged during fire conditions. Although a
great deal of work has been done in the design of nuclear air cleaning
systems! 16 ), there appears to be yery little standardization in the
industry. About the only generalization one can make is that HEPA filters are
used in the exhaust of glove boxes and in ventilation systems. From a systems
point of view, the HEPA filters on the exhaust of glove boxes represent the
primary containment for radioactive airborne waste while those in the
ventilation system represent the secondary containment.
The use of prefilters in nuclear air cleaning systems is considerably more
confusing. Although prefilters are recommended for applications in high dust
concentrations(16), this is rarely done. The approach generally taken is to
solve difficult air cleaning problems with increasing numbers of HEPA filters,
which is equivalent to treating HEPA filters as prefilters. Unfortunately,
HEPA filters were neither designed, nor intended for heavy-duty filtration
jobs. The widespread practice of using HEPA filters for nearly all air
cleaning operations in the nuclear industry is responsible for the high air
cleaning costs and large volume of radioactive waste generated. The objective
of our program is to significantly reduce these air cleaning costs and the
volume of radioactive waste. The approach for meeting this objective consists
of using an electrofibrous prefilter to take the load off HEPA filters and
thereby greatly extend their service life. Although conventional fibrous
prefilters can also produce significant savings, the higher efficiency and
longer service life of electrofibrous prefilers result in even greater
savings. Since the operating conditions of HEPA filters in glove boxes and
ventilation systems differ significantly, we have designed separate
electrofibrous prefilters for the two cases.
A.

Glove Box Prefilters

To be successful, we felt that the design of our prototype glove box
prefilter must meet two requirements: (1) a simple operation for replacing or
cleaning the filter media by untrained operators, and (2) the prefilter must
be mounted inside the glove box to keep all of the radiation inside. The
proper design would allow the operator of the box to change or clean the
filter media in less than one minute with no additional help. This operation
would not interrupt work inside the box. Moreover, by maintaining a small
supply of clean filters inside the glove box, a number of filter changes can
be made without any baq-in or -out operations.
To date, we have built and evaluated two prototype electrofibrous
prefilters for use inside glove boxes. Both of these units use the flat plate
design shown in Figure 1 and can be mounted on either ceiling or wall. The
primary difference in the two designs is the mechanism used to provide access
to the filter medium. One design has a lever arm to release the ground
electrode, while the other uses a hinged door to provide filter access. The
exposed electrode in both cases is the ground electrode for safety reasons.
We have also examined the safety features of the prototype glove box filters
and have incorporated the following features to reduce the possible
high-voltage hazard: strong insulation on all high voltage lines, interlock
mechanisms on filter access doors, automatic power shut off when the current
exceeds a given level, and a flashing yellow warning light.

(1) Prototype %
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(a) Design: Figure 6 shows a photograph of our first prototype
electrofibrous filter installed inside a glove box. This prototype unit
consists of a polyethylene main body supported near the ceiling of the glove
box, a high-voltage electrode mounted within the main body, a grounded
electrode connected to a lever arm on the main body, and a handle that opens
and closes the filter assembly for changing filters. The electrodes were made
from the same perforated aluminum plates seen in Figure 1. These electrodes
were coated with a 25 jum thickness of paralyene to reduce the possibility of
electric sparks. The filter medium used in the electrofibrous filter
consisted of two layers of 6.4 mm thick AF-18 obtained from Johns Manville.
Note the tab in Figure 6 that was placed on the filter media for easier filter
replacement. The prototype electrofibrous filter was electrified with a
Spellman miniture d.c. power supply, model UM15-1500-D, that had a negative
polarity and was rated up to 15 kV at 75 jua.
The primary factor that led to the design of the prototype filter in
Figure 6 was the simplicity in changing filter medium. Figure 7 shows an
operator grabbing the handle that releases the lower grounded electrode and
provides access to the filter medium. A cam mechanism on the lever arm
secures the ground electrode in its locked position. By pushing up on the
handle, the ground electrode is lowered, thereby exposing the filter medium.
The operator can then remove the filter medium, as shown in Figure 8. Shortly
after we began our evaluation, it became apparent that filter changes were
more difficult than we had anticipated. The problem was the air flow through
the filter medium that tended to keep it pressed firmly against the upper
electrode. To pull the filter medium free, we had to use tweezers in order to
lift the medium. We also tried taping a short tab on the filter as shown in
Figure 6, but this tended to tear the medium after several pulls. Despite the
increased difficulty in changing the filter media, the additional step of
using tweezers only added a few seconds to the operation.
During our evaluation, we also found that the cam mechamnism was not
providing sufficient compression to seal the filter medium, and a wedge had to
be inserted between the handle and the ceiling of the glove box. In future
designs, this problem can be eliminated with a cam that provides greater
compression. Another problem with the design in Figure 6, that became
apparent during the evaluation, was the ground electrode. We had used a
perforated aluminum plate that had a 40% open area for our ground electrode.
When this electrode was firmly pressed against the filter medium, it acted as
a template for the particle deposits. With only 40% of the filter surface
available for particle deposits, the pressure drop would increase much faster
than had the entire surface been available. However, the template effect due
to the electrode was not important in this evaluation because the filter
medium was not making contact with the ground electrode. The additional
separation provided all of the filter surface for particle deposits.
Unfortunately, the loss of electrode contact led to another serious problem.
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(b) Laboratory Evaluation:
Before the prototype filter was installed
inside a radioactive box, we evaluated its performance inside a controlled
glove box in which we generated NaCl aerosols. The aerosols were generated by
nebulizing a 1% salt solution to yield a heterodisperse salt distribution
having a MMAD = 1.0 jtim and
On = 2.0. One of the difficulties in evaluating the filter was the
considerable fluctuation in salt concentration inside the glove box. This
became a problem because we had only one instrument to measure the upstream
and downstream concentration. The box, which was approximately three feet on
each side, had filtered air entering at a bottom corner and exiting at tne
center of the roof. Several different experimental arrangements were used
before we reached a satisfactory solution to the fluctuations in
concentration. Placing the nebulizer on the floor of the glove box produced
extremely erratic results. Adding a small blower inside the box did not
improve the situation very much. We finally attached a plastic extension
tube, 300 mm long and 203 mm diameter, around the lower electrode to provide a
uniform air flow into the filter. A screen at the tuDe inlet served as a
mixing plate. By placing the aerosol nebulizer just below the mixing plate,
we were able to generate a fairly constant concentration of aerosols before
and after the filter.
One of the important factors in the laboratory evaluation that had to be
established was the accuracy of the measurement techniques. Laboratory filter
efficiencies were determined with a flame photometer obtained from Frontier
Enterprises Inc., Albuquerque, New Mexico. This instrument operates by
photometrically measuring the yellow sodium light emitted when sodium chloride
aerosols pass through a propane burner. We did not want to use this or any
other instrument to sample the radioactive aerosols in our field evaluations
because of the tremendous difficulties in decontamination. Moreover, the
flame photometer loses its sensitivity with other non-sodium aerosols. We
decided the best approach for measuring filter efficiencies was to use two
in-line filter holders to simultaneously sample the aerosols before and after
the electrofibrous filter. This method also avoids the problem of large
fluctuations in aerosol concentration.
Since we wanted to take a large number of efficiency measurements without
the complications of bag-in and -out operations, we built a special sampling
chamber, shown in Figure 9, to house the sample filter holders. The sample
filter holders can be changed by access through two latched doors. Two sample
lines, from before and after the electrofibrous prefilter inside the glove
box, enter the sampling chamber and continue past the sample filter holders,
the absolute filters, rotometers, flow control valves, and finally to a vacuum
pump. The sampling chamber also has a high efficiency filtered inlet and
exhaust to provide adequate ventilation and negative pressure. The sampling
system used in the evaluation of prototype 1 differed slightly from that shown
in Figure 9. It had only one, but larger, access door instead of two, and
used Nucleopore in-line fiter holders, model 420200, instead of the Gelman
filter holders, model 1109. Gelman 25 mm membrane filters with 0.2jum pore
size were used in the field evaluations.
To insure that accurate filter efficiency measurements were obtained with
the sampling system shown in Figure 9, we made a series of simultaneous
measurements with the flame photometer and the in-line filters. These
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measurements were made in our controlled glove box in which we generated NaCl
aerosols. The efficiencies with the in-line filters were determined by atomic
absorption analysis for sodium. A series of efficiency measurements were made
at applied voltages of 0, 5, 10 and 15 kV for each of four different test
conditions. The average percent deviation for all of the measurements,
disregarding sign, is 7.6%. Although this deviation is significant, we felt
that the agreement of the in-line filters with the flame photometer was close
enough to be used for field evaluations.
(c) Field Evaluation at LLNL: The prototype electrofibrous filter was
installed inside a glove box in Building 241 at LLNL. The operation inside
this glove box consisted of grinding chunks of uranium and berylium oxide
(U9O3 and BeO) into a fine powder using a ball mill grinder. Since
ambient air was used to vent the box, the environment inside the box was
essentially the same as ambient. This glove box was one of several boxes used
to manufacture commercial fuel rods. The electrofibrous filter was mounted on
a ceiling exhaust port similar to Figures 6-8. A butterfly valve immediately
outside the box allowed the exhaust air to be controlled from about 28.3
imF/s (60 cfm) to 4.7 mm 3 /s (10 cfm). An orifice plate was installed
approximately seven duct diameters downstream of the butterfly valve to allow
flow measurements to be taken. We tried to maintain a flow of 23.6 mm^/s
(50 cfm) through the electrofibrous filter at all times by periodically
adjusting the butterfly valve. This flow corresponds to the rated flow
through typical HEPA filters used to filter glove box exhaust. An electric
balance, accurate to 0.1 g, was inside the glove box and allowed us to
periodically weigh the filter.
At the beginning of this evaluation, we attempted to measure the
efficiency of our prototype unit with no medium. The results of this test
showed a higher dust concentration downstream of the unit than upstream. This
indicated that much of the dust was bypassing the upstream sample probe. To
correct this problem, we mounted a plastic tube, 300 mm long and 203 mm
diameter, around the lower electrode to provide a uniform air flow into the
filter. After this change, the efficiency of the unit with no filter medium
was 145I». To insure accurate sampling, the plastic tube became a permanent
part of the electrofibrous filter.
The evaluation of the electrofibrous prefilter consisted of periodically
weighing the filter medium, and measuring the filter pressure drop and
efficiency. Although great care was taken in removing the filter medium from
the holder for weighing, some of the particle deposits would invariably fall
off or the layer of particle deposits would form cracks. To assess the effect
of these events, the filter pressure drop was measured before and after the
filter medium was removed for weighing. The weight of any loose dust was
added to the weight of the filter. Filter efficiencies were determined
immediately before weighing the filter.
Each evaluation consisted of measuring the filter efficiency at 0, 5, 10,
and 15 kV. After setting the desired voltage, new filters were placed in the
sampling lines inside the sampling chamber shown in Figure 9. The filter
holders were always checked for leaks prior to installation. After the door
of the sampling chamber was closed, the flow control valves were adjusted to
give two liters per minute. Although the sampling time for most of the
measurements in this evaluation was ten minutes, we occasionally required as
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much as thirty minutes when there was little activity in the box. After
sampling for a given time, the vacuum was turned off and the voltage increased
to the next higher level. We measured the filter efficiency in sequence from
0 to 15 kV because the electrofibrous filter is charged up more rapidly than
discharged. If efficiency measurements are taken shortly after the voltage
was reduced or turned off, erroneously high efficiencies may be obtained. In
all of these tests, we waited at least thirty minutes before beginning our
efficiency measurements to avoid this type of error.
We had planned to conduct the evaluation of our electrofibrous filter at
23.6 mm3/s (50 cfm) using two layers of AF-18 medium having an uncompressed
thickness of 13 mm. The medium was selected because, with our sodium chloride
test, it had a relatively poor efficiency, 55%, without an electric field and
a moderately high efficiency, 8 5 % , with 10 kV. We did not want to use a high
efficiency filter because the determination of filter efficiencies would be
extremely difficult when using radioactive counts for the measurements. For
high efficiency filters, the downstream sample would have radioactive counts
that were only slightly above background levels. For example, for an
efficiency measurement of 98%, we had 0.688 counts per minute on the
downstream filter and 0.656 counts per minute background. This background
level would be subtracted from both the upstream and downstream samples. Had
we used a more efficient filter, most of our downstream filter samples would
be at the background level. To assess the accuracy of our counting technique,
we mc"<e several comparisons of efficiencies determined by radioactive counts
of the uranium decay and chemical analysis of berylium. In general, we found
the two techniques to be within 1% of agreement for efficiency measurements at
applied voltage from 0 to 15 kV.
The results of our first filter evaluation are shown in Table I. This
evaluation was conducted by measuring the filter efficiencies at 0 and 10 kV
on a clean filter and after particle loadings of 4.3 and 8.4 g. Since we
intended to use this test as a baseline for our electrofibrous filter test, no
voltage was applied to the electrodes during particle loading. We assume that
the very short time the voltage was applied during this evaluation had little
effect on the filter's performance as a baseline test.
TABLE I. Performance of Electrofibrous Prefilter in U203/Be0 Glove Box
(Two layers of AF-18, V = 0.65 m/s 0 kV Applied During Particle Loading)

Particle Mass, g

Efficiencies, %
at Applied Voltage
10 kV
0 kV

0.0
4.3
8.4
2.5**
* The air velocity dropped to 0.48
** After shaking off 5.9 grams

92.9
97.5
99.0
m/s

97. 2
— 99. 7
—— —

Pressure
AP, kPa
0.144
0.197
0.498*
0.197**
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Perhaps the most surprising result of the data in Table I was the
unexpected high efficiency. The AF-18 medium used in these tests is
considered to be a poor filter medium and is primarily used in coarse
filtration. The explanation for the high filter efficiencies was the large
size of the aerosols in the box. We measured the size distribution of the
radioactive aerosols with an Andersen impactor and found the activity median
aerodynamic diameter (AMAD) was 5.4 (im with eg = 2.0. In the experiment,
the Andersen impactor was suspended near the entrance of the electrofibrous
filter to insure that a representative sample was taken. Radiation counts
were made on each stage of the impactor to obtain the resulting activity
distribution.
The test results in Table I also showed that by the time 8.4 g of dust had
been collected on the filter, the increased pressure drop had reduced the air
velocity to 0.48 m/s. Since we were trying to maintain a constant air
velocity of 0.65 m/s, the filter medium either had to be cleaned or replaced.
We reasoned that if the medium could be reused by cleaning off the deposits,
we could also recover valuable material, in addition to reducing the volume of
radioactive waste. This approach looked promising because the aerosols
collected by the filter had formed a rather thick, 1-2 mm, layer of particle
deposit on the filter surface. We therefore shook the filter medium
rigorously and were able to remove 70% of the particle deposit. However, note
in Table I, that after cleaning, the remaining 2.5 g of particle deposit
produced the same pressure drop as the original deposit of 4.3 g. Evidently
the residual particles increase the pressure drop much more than the fresh
deposit on the surface.
Although the test results in Table I were intended to serve as a baseline
for similar tests in which 10 kV was applied during particle loading, we
decided to forego these tests and change our test condition. After the very
high efficiencies seen in our first evaluation, we concluded that one layer of
AF-18 medium would be sufficient to serve as a prefliter. Moreover, to allow
for additional flow control during higher particle loadings, we reduced the
air flow velocity through the filter from 0.65 m/s to 0.52 m/s.
Unfortunately, at that time, we did not recognize the full consequences of the
thinner medium. The problem was that the medium no longer had direct
electrical contact with both electrodes. We have shownvS) that this can
lead to a time-dependent deterioration of the electric field enhancement
until, after several hours, the enhancement reduces to zero. We would not see
this deterioriation in our filter efficiency measurements because they were
relatively short measurements. However, because of the deterioriation of the
electric field enhancement with time, the electrofibrous filter would not show
a significant increase in service life compared to a conventional fibrous
filter.
The performance of the electrofibrous filter under the new experimental
conditions is summarized in Table II. This table shows three sets of
efficiency and pressure drop measurements in which 0 and 10 kV was applied to
the electrodes during filter clogging. Each data set was generated with a new
AF-18 filter in the same manner as previously described. The data set with no
applied voltage represents the baseline test for comparison with the
electrofibrous filter. Note that we were unable to complete the second
loading test with 10 kV and had to terminate the test after accumulating only
1.1 g on the filter. The fuel rod program had terminated, and all activity in
the glove box had ceased.
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TABLE II. Performance of Electrofibrous Prefilter in 11203/BeO Glove Box
(One layer of AF-18, V = 0.52 m/s)
Particle Mass, g
Test 1

0.0
2.1

Efficiencies, %, at Applied Voltage
5 kV 10 kV 15 kV
0 kV
0 kV Applied During Particle Loading
—
97.9
99.0
78.0
2

98.4

99.9

99.82

99.8 2

1

>99.9

99.72

99.82

>99.5

Pressure
APJcPa
0.052 - .060

.070
.062 3
.393
.082 3

1

0.63

5.6
2.O3
Test 2

0.0
2.1
3.2

1
2
3
4

10 kV Applied During Particle Loading
97.9

86.0

99.2

Test 3 4

10 kV

0.0
1.1

73.7
80.2

99.5

99.7

065

92.9

99.5

98.5

6.8

91.?

99.9
2

2

097
112
.378 - .406

Appliied During Particle Loading
87.6
___ _
99.6

062
070

Radioactive counts on the downstream sample were lower than background.
Background radiation prevented accurate efficiency measurements above 99.7%.
After shaking off the particle deposits.
Test prematurely terminated because all work inside the glove box had
stopped.

There are several items in Table II that require additional explanation.
We occasionally observed an increase in pressure drop while making the series
of efficiency measurements from 0 kV to 15 kV. The lowest pressure drop
represents the value at the beginning of the 0 kV evaluation, while the
highest pressure drop was observed at the end of the 15 kV evaluation.
Whenever this occurred, a portion of the increased efficiency at higher
voltage was due to the increased particle loading and not the electric field.
Since the two cases in Tab.le II show only a very small increase in pressure
drop, we can assume that the increased efficiency at higher voltage is
primarily due to electric effects. Another item in Table II that should be
pointed out are the two efficiency measurements in which the downstream sample
had lower radioactive counts than the background. The background radiation
also made it impossible to obtain accurate efficiency measurements whenever
the efficiency exceeded 99.7%. This difficulty led to the apparent result in
one data set (test 1, after 5.6 g of the loading evaluation at 0 kv)that the
applied electric field had no effect on the filter efficiency. Table II also
shows that the filter medium was cl ined twice and placed back into service
during the baseline test with no applied voltage. Note that 71* and 64% of
the accumuated dust was removed in the two cleanings.

350

A review of the data in Table II indicates a considerable variation in the
efficiency for the three different tests. The extent of this variation is
readily seen by comparing the efficiencies of the tests in Table II having 0 g
particle mass. Ideally, all three data sets should have identical
efficiencies at the different applied voltages. The most glaring discrepancy
in this comparison is the unusually high efficiency for Test A at 0 kV for the
evaluation having 10 kV applied voltage during particle loading. We believe
the most likely explanation for this high efficiency is a leak in the
downstream sample line. Although we recognized the potential for leaks, we
did not systematically check for leaks in this field evaluation. Except for
this single high-efficiency value, the variation in the remaining data was
probably caused by variations in particle size.
We have plotted some of the data from Table II in Figures 10 and 11 to
illustrate the two primary characteristics of electrofibrous filters, the
higher efficiency and the increased service life. Figure 10 shows a plot of
the filter efficiency as a function of the appplied electric field for clean
filters i.e., 0 g particle mass. Since the distance between the electrodes
was 11.8 mm, we had to divide the applied voltage by this value to get the
correct field strength. In addition to the U2O3 data, we have also
included the NaCl data from our laboratory tests for comparison. Both data
sets were generated with the same prototype filter using a single layer of
AF-18 medium. We should also point out that the uranium data was obtained at
0.52 m/s, while the salt data was obtained at 0.65 m/s. However, other
laboratory tests in which we studied the effects of air velocity between
0.65 m/s and 0.32 m/s have shown a negligible difference in the filter
efficiencies. Also note that the NaCl measurements using in-line filters and
the flame photometer are in good agreement.
The test results shown in Figure 10 can be readily interpreted with the
help of Figure 3. Unfortunately, direct comparisons are not possible since
the data in Figure 3 was generated using two layers of filter media while
Figure 10 was generated using only one layer. According to Figure 3, the
smaller sodium chloride aerososls (MMAD = 1.0 ^m) will have a relatively low
efficiency with no electric field and show a large increase with the applied
electric field. In contrast, the much larger uranium aerosols (AMAD = 5.4 urn)
will have a high initial efficiency and, because of the upper limit of 100%,
will show a more modest increase in efficiency with an applied electric
field. We have attributed most of the scatter in the uranium data to
variations in particle size. We also believe that the single high efficiency
point for uranium aerosols at 0 kV was due to a leak in our sample line.
In addition to the increased efficiency, we have tried to show the
increased sevice life that results when an electric field is applied across a
fibrous filter. Figure 11 shows the filter efficiency and pressure drop for
three loading tests, with and without an applied e.ectric field, as a function
of the particle mass trapped on the filter. These data were taken from Table
II. Figure 11 shows that the filter efficiency increases with particle mass
and with an applied electric field. Although the pressure drop at higher
particle mass loadings is slightly lower for the filter with an electric field
than without, we expected the difference to be much greater. We believed the
small extension of service life for the electrofibrous filter resulted from
the lack of electrical contact of the filter medin with both electrodes. We
previously described how this could lead to a gradual dissipation of the
electrical effects. Figure 11 also shows that after 3 g of particles were
collected by the filter, the efficiency for both the standard and
electrofibrous filter were nearly 100%.
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In summarizing the results of the prototype 1 evaluation in a 2 3
glove box, we can say that the electric field significantly increased the
efficiency, but only slightly extended the service life of a conventional
fibrous filter. We believe that a greater extension of service life was not
obtained with the electrofibrous prefilter because the filter medium did not
make contact with the electrodes. The evalution also showed that 70% of the
radioactive dust could be removed and the filter medium placed back into
service.
We should also note that, except for the two design problems already
discussed, the prefilter performed satisfactorily during the entire evaluation
from March 8, 1978 to June 16, 1978. Efficiency measurements were made at
least twice a month with applied voltages from 0 to 15 kV. In addition to
these evaluations, a filter was tested for 19 working days from May 2 to May
26 with a continuous applied voltage of 10 kV. During the evaluation, no
corona discharge was observed, and the only maintenance was occasionally to
brush off the particle deposits from the electrode.
(d) Discussion of the Field Evaluation: The most important result of the
evaluation is the information it provides for our objective to extend the
service life of HEPA filters. Unfortunately, we were not able to directly
determine this life extension because we did not have an accessible HEPA
filter downstream of the electrofibrous prefilter. Nevertheless, we were able
to make simple calculations of several different filter systems using the data
in Figure 11. According to Figure 11, the filter with no electric field had
an average lifetime efficiency of %% and a dust holding capacity of 5.6 g
while the electrofibrous filter had an average efficiency of 98X and a dust
holding capacity of 6.8 g. Since the dust holding capacity for a filter is a
strong function of particle size, we used the HEPA filter data from Adley and
WisehartU?), Which corresponds to our experimental conditions. They
determined that the standard 472 mm 3 /s (1000 cfm) HEPA filter has a dust
holding capacity of 2000 g for 5.5 /urn diameter particles. Scaling this value
down to the 23.6 mm3/s (50 cfm) HEPA filters, we have a dust holding
capacity of 100 g. However, when a prefilter is placed ahead of the HEPA
filter, the size of the particles reaching the HEPA filter is much smaller.
Since the smaller particles produce a significantly smaller dust holding
capacity, we should use these in our calculations. We therefore used Adley
and Wisehart'sU 7 ) data for 0.5 /urn NaCl aerosols to obtain a dust loading
capacity of 15 g for the HEPA filter in our calculations. This dust holding
capacity was only used for the prefilter-HEPA filter combination. The other
data needed for our calculations were the cost of a HEPA filter, $27.00, the
cost of the prefilter medium, $0.02, the volume of the HEPA filter, 6.29
mm3, and the volume of the prefilter, 0.21 mm 3 . With this input data, we
were able to generate Table III using the equations in White and Smith!18).
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TABLE III.

Calculated Performance of Nuclear Filtration Systems Based on
U
2°3 Glove Box Data
Performance Criteria

Filtration
System
HEPA

Cost
$27.00

Volume of Waste
(Compressing Prefilter)
6.29

Material
Recovered HEPA
100 g input Life
0g

lx

HEPA plus
Standard

$7.55

5.21 mm3
(2.24 mm3)

og

3.8 x

$7.24

2.03 mm3
(1.74 ram3)

67 g

3.8x

$3.88

3.81 mm3
(1.31 mm3

09

7.5x

$3.62

1.13 mm3
(0.88 mm3)

69 g

7.5x

Prefilter
(No prefilter
cleaning)
HEPA plus
Standard
Prefilter
(10 cleanings
per prefilter)
HEPA plus
Electrofibrous
Prefilter
(no prefilter
cleaning)
HEPA plus
Electrofibrous
Prefilter
(10 cleanings
per prefilter)

Table III shows the calculated performance of five different filtration
systems, one HEPA filter and four HEPA filters plus prefilter combinations.
Separate combinations of the standard and electrofibrous prefilter, with and
without cleaning, were tabulated. We had assumed that 70% of the particle
deposits could be removed from the prefilter and that a new prefilter was
required after 10 cleanings. Since the prefilter used in this study had 99%
empty space and could be readily compressed from 6.4 to 1 mm, we also
calculated the effect of this compression on the volume of waste filter medium.
A summary of Table III shows some very interesting results. The cost of
the filtration system decreases very rapidly from $27.00 to $7.55 and finally
to $3.88 when using a standard prefilter and electrofibrous prefilter
respectively. Note that cleaning the prefilter has very little effect on the
cost of the system. Only the cost of the filter medium has been considered in
this report. Had we considered the cost of changing the filters and disposing
of the radioactive waste, the difference between the HEPA filter and HEPA
filter plus prefilter would be much greater. In contrast to the cost, the
volume of filter waste decreases very slowly from 6.29 to 5.21 and 3.81 mn)3,
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as the standard prefilter and electrofibrous prefilter is added respectively.
Cleaning or compressing the prefilter results in a significant reduction in
the volume of waste. However, compressing the filter after cleaning reduces
the waste volume by only a small amount. Table III also shows that the only
recovery of material occurs when the prefilter is cleaned. The amount of
material recovered is about the same for both the standard and the
electrofibrous prefilter. In these calculations, we have assumed the HEPA
filter cannot be cleaned. The last performance criterion listed in Table III
is the HEPA filter life. Note that the HEPA life is inversely proportional to
the cost of the filtration system and increases to 3.8 and 7.5 times the
original HEPA life as a standard prefilter and an electrofibrous prefilter are
added respectively.
It is important to recognize that the large difference in filter cost and
HEPA life between the filtration systems using a standard prefilter and the
electrofibrous prefilter is primarily due to the difference in efficiencies
shown in Figure 11. Note that the transient period where the efficiency
rapidly increases as particle mass accumulates is the dominant factor
controlling the average efficiency and, hence, the HEPA life. In reviewing
the results of the U2O3 glove box evaluation, we must also remember that
the mass median aerodynamic diameter was 5.4 /im. This size aerosol is easily
removed by a large number of methods. The significant savings in cost and
extension of the HEPA service life for the standard prefilter is primarily the
result of this large particle size. If the uranium aerosols were
significantly smaller, then the standard prefilter would have a much smaller
savings and only a modest extension in HEPA life. However, as seen in
Figure 3, the performance of the electrofibrous filter would have its most
dramatic effect below 1.0 jum when all other methods become less efficient.
(2) Prototype 2
(a) Design:
The second prototype we have designed for use in glove box
applications is shown in Figure 12. This prototype also uses the flat plate
design shown in Figure 1. Although Figure 12 shows the prototype attached to
the end-plate of the glove box, it could also be mounted on the ceiling like
the previous filter. This prototype is much larger and more complicated than
a production unit, because it has built-in probes to sample aerosols before
and after the prefilter for efficiency measurements. A plastic shroud was
also added around the inlet of the prefilter to obtain isokinetic samples. We
had observed in our last evaluation, that, without a shroud, we would get
erroneously low inlet aerosol concentrations due to bypass around the sample
probe. If aerosol samples were not required, the thickness of the
electrofibrous prefilter in Figure 12 could be reduced to less than 50 mm.
The important design features of this electrofibrous prefilter are the two
latches that secure the hinged portions of the filter and provide easy access
to the filter medium and HEPA filter. The main body of the prototype unit is
made from polyethylene to provide good insulation and give it strength. A
metal reinforcement was required on the front plate to prevent distortion when
the latch was closed. The filter medium used in this evaluation was the same
as in our previous evaluation; i.e., two layers of 6.4 mm thick AF-18,
obtained from Johns Manville. Figure 12 also shows the high voltage cable and
pressure and sample lines.
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Additional pictures of the electrofibrous prefilter in various stages of
disassembly are shown in Figures 13 to 15. Because of our previous experience
with the upstream electrode masking off much of the filter surface, we used a
commercially available wire screen with 80% open area. The downstream high
voltage electrode was a hand-strung screen with wires spaced every 10 mm.
These electrodes can be seen in Figure 14. The distance between the high
voltage and ground electrodes is 10 mm. Note that the entire prefilter
assembly swings open in Figure 15 to provide access to the KEPA filter. Four
safety interlock switches were installed on the prefilter unit after these
photographs were taken and are therefore not shown in Figures 12 to 15. Two
redundant magnetic reed switches were imbedded in each of the two doors to
provide a safety system for shutting down the high voltage whenever the filter
door was opened. The high voltage power supply was a modified Hipotronics
AC-DC HIPOT tester, Model HD 115, with a negative output polarity. As in our
previous evaluation, only DC voltage was used in this evaluation. The power
supply had two redundant current overload circuits to shut down the power when
the load current exceeded 40 A. As an additional safety precaution, a 10 M&2
current-limiting resistor was placed in series between the power supply and
the electrofibrous filter. This limits the available energy in a potential
spark, while still providing sufficient current to trip the overload circuit.
We should caution that a current limiting resistor with too much resistance
can lead to cyclic sparking. The high resistor allows sufficient current to
charge the electrodes but not enough to trip the overload circuit. We were
able to create this condition with a 1 T£2resistor. In our field evaluation,
we also added a Sola constant voltage transformer to provide a regulated
voltage in case of transient changes in line voltage. A more complete
description of this prototype electrofibrous prefilter is given in the
operating manual(19).
(b) Laboratory Evaluation:
Extensive laboratory tests were conducted
with the prototype electrofibrous prefilter using sodium chloride aerosols
prior to the field evaluation. We built a special plywood chamber having
approximately the same dimensions as the glove box to be used in the field
evaluation. The end plate on which the prefilter was mounted in the
laboratory tests at LLNL, was later installed on the glove box at Rocky
Flats. Because of the difficulty in good aerosol mixing inside the glove box,
we also had a large variation in salt concentration. After trying the
approach used in our first evaluation, we generated the aerosols exterior to
the box and had them enter the box as part of the inlet flow. Although this
approach required about thirty minutes to reach an equilibrium inside the box,
we found the concentration to be very stable.
We also ran a series of tests comparing the filter efficiencies obtained
with the flame photometer and the in-line filters housed in the sampling
chamber in Figure 9. The average magnitude of the deviation in 18 comparative
measurements taken at 0, 5 and 10 kV was 11.3%. Although the discrepancy
between the two sampling techniques was higher in this evaluation than the
7.6% obtained in the previous one, we feel the overall agreement is still
acceptable. We also observed that the higher filter efficiencies had a much
smaller discrepancy between the two measurement techniques than the lower
efficiencies. For example, the average percent deviation was 1.9% for filter
efficiencies above 90% and 22.5% for filter efficiencies below 50%. Since the
efficiencies in our field evaluations were generally above 90%, we felt
confident that accurate measurements would be obtained.
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Figure

Front latch opened and
ground electrode swung
open to expose the
prefilter medium.

Figure 14.

Prefilter medium removed,
exposing the high voltage
electrode.

100

O

0.16 m/s

D

0.32 m/s

A

0.65 m/s

1.5

Electric Field - MV/m
Figure 15. Rear latch opened,
exposing the HEPA filter.

Figure 16. Filter efficiency as a
function of electric field
for two layers of AF-18
tested at different flow
velocities.
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During our laboratory experiments, we had unexpectedly discovered a very
important property of the electrofibrous filter. We were having difficulty
with our filter efficiency measurements at various applied voltages and flow
rates. We could not reproduce data from one experiment to the next and
obtained some unusual results. For example, in some experiments, the filter
efficiency first decreased and then increased as the applied voltage was
systematically increased. In other experiments the efficiency gradually
decreased as a constant voltage was applied. Even more unusual were tests
that showed no increase in filter efficiency with voltages as high as 10 kV.
After many more experiments, we had developed an additional mechanism in our
theoretical model that could explain these unusual phenomena. The basis of
all the observed phenomena was the migration of charge to the electrodes. If
the filter fibers make an electrical contact with the electrodes, then the
charge is neutralized at the electrodes. However, if the filter fibers do not
make an electrical contact with the electrodes, then a polarizing charge
builds up within the filter that eventually cancels the applied electric field.
Since we were using a high voltage electrode made from insulated wires, we
were observing the effect of the accumulating polarizing charge. These
experiments and theory have shown that the electrofibrous filter must have
good electrical contact between the filter fibers and the electrodes. A more
complete description of these phenomena is presented elsewhere(S). Because
of these experiments, we replaced the insulated wire in the high voltage
electrode shown in Figure 14 with noninsulated wire. Our experimental results
were then consistent with previous experiments. These findings have forced us
to abondon the practice of insulating the high voltage electrodes. We would
like to use insulated electrodes because the probability of electrode sparking
is greatly reduced. Unfortunately the insulation gradually destroys all of
the properties of the electrofibrous filters.
We then conducted a series of filter efficiency experiments as a function
of applied electric field for different experimental conditions. Figure 16
shows the filter efficiency plotted as a function of electric field for two
layers of 6.4 mm thick, AF-18 medium. The same filter was tested at flow
velocities of 0.65 m/s (40.8 cfm), 0.32 m/s (20 cfm) and 0.16 m/s (10 cfm).
With no electric field, the filter efficiency increases as the flow rate
increases, while the opposite occurs at higher electric field strengths. With
no electric field, the filter efficiency is determined by mechanical capture
mechanisms. Since the flame photometer used to obtain the data measures a
quantity proportional to the particle mass, the efficiency measurement is
primarily a measurement of the inertial capture mechanism. Thus, at higher
velocities, the particle inertia will increase, thereby increasing the
efficiency. However, when the electric field is applied* the primary factor
controlling the efficiency increase is the residence time of the particles
within the filter medium. The longer the particles remain within the filter
medium, the greater time the electrical forces have to attract these particles
to the fibers. A similar series of measurements were conducted using a single
layer of 6.4 mm thickness, AF-18 medium. These results are shown in
Figure 17. We should point out that the efficiencies shown in Figures 16 and
17 for prototype 2 are lower than what we obtained for prototype 1. These
differences were primarily due to a lower quality filter.
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(c) Field Evaluation at Rocky Flats:
After the laboratory tests at
LLNL, the electrofibrous prefilter and end plate were shipped to the Rocky
Flats Plant in Boulder, Colorado and installed in a filter glove box. This
glove box encloses the filter portion of a vacuum-cleaning system used to
remove dust from a group of other glove boxes that extract plutonium in molten
salt and electro-refining operations. The vacuum-cleaning system consists of
suction hoses inside the other glove boxes, connecting plumbing that lead to
four cartridge filters and a vacuum turbine. Figure 18 shows two of the four
cartridge filters housed inside the glove box. Dust vacuumed from the other
glove boxes is split into two parallel paths, each of which have two cartridge
filters in series, as shown in Figure 18. The only time dust is generated
inside the filter glove box occurs when the cartridge filters are cleaned or
replaced. The atmosphere of the glove box is essentially pure nitrogen, very
dry and at room temperature.
Figure 19 shows a side-view of the glove box with the vacuum turbine
extending from the end plate to the right. The glove box is approximately a
cube with three feet on a side. One of the four cartridge filters can be seen
through the side window. Figure 19 also shows a portion of the electrofibrous
prefilter between the two glove ports, the sampling chamber mounted on top of
the glove box and the high voltage power supply. Exhaust from the glove box
passes through the electrofibrous prefilter and HEPA filter, and exits through
the exhaust pipe. A butterfuly valve controls the exhaust flow, which can
vary between 0 and 6.61 mm3/s (14 cfm). The exhaust flow, which is measured
with a Hastings velocity meter, is controlled by the exhaust vacuum source and
the total resistance due to the electrofibrous prefilter, HEPA filter,
butterfly valve and inlet restrictions to the box. Since the maximum exhaust
vacuum is normally 249 Pa (1 in w.g.), the exhaust flow will decrease as the
total resistance increases. When the total resistance equals the 249 Pa
source vacuum, then the exhaust flow rate drops to nearly zero. However, as
the flow decreases to nearly zero, the glove box vacuum remains nearly
constant. This surprising behavior is due to a complex external plumbing that
tries to maintain a constant glove box vacuum. We should point out that such
a system can lead to a potentially serious problem. For those glove boxes
that have a variable inlet restriction, a negative vacuum is insufficient to
insure adequate protection during leaks and accidental breaks. In contrast to
the vacuum criterion, an exhaust flow criterion would be sufficient in all
circumstances.
The evaluation of our second prototype electrofibrous prefilter was
intended to be more comprehensive than our first evaluation. The most
important change in this evaluation was the addition of a HEPA filter as an
integral part of the filtration system. This change enabled us to make direct
measurements of the extension in the HEPA service life due to the
electrofibrous prefilter. We planned to conduct separate durability
evaluations of each of the five filtration systems shown in Table III. So
far, we have only evaluated the HEPA filter plus cleanable electrofibrous
prefilter. The evaluation of the HEPA filter alone and the HEPA filter plus
standard prefilter would serve as baseline experiments to determine the
advantage of the electrofibrous prefilter. Initially, we had planned to begin
evaluating each of the five filtration systems with a fresh HEPA filter and
continue the test until the pressure drop across the HEPA filter had increased
to at least twice its initial value. Although we still plan to use this basic
strategy, we will have to revise our criterion for terminating the tests in
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Figure 17. Filter efficiency as a
function of electric field Figure 18. Two of the four cartridge
for one layer of AF-18
filters housed inside the
tested at different flow
glove box.
velocities.

Figure 19. Rocky Flats glove box housing the electrofibrous prefilter.
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those cases where the pressure drop across the HEPA filter does not increase.
After evaluating the combination of HEPA filter plus cleanable electrofibrous
prefilter for 14 months, we still do not observe any increase in pressure drop
across the HEPA filter. In cases like this, we plan to terminate the test
once sufficient data has been collected to accurately predict a minimum HEPA
life. Details of the evaluation procedures are given in the operating manual
for the glove box prefilter(19).
We had two unanticipated problems that plagued us during the evaluation.
The most serious of these problems was the lack of accurate flow
measurements. Since the efficiency and pressure drop across any filter is a
function of the face velocity of the gas being filtered, it is important to
maintain a constant exhaust flow rate. Unfortunately, during the first year
of the evaluation, the Hastings velocity meter was mounted too close to the
butterfly valve and consequently did not give accurate flow measurements. The
reading from the Hastings meter first increased, then decreased, and finally
increased again as the exhaust flow was increased by continuously opening the
butterfly valve. We had placed three calibrated orifice plates inside the
glove box at the start of the evaluation to calibrate the velocity meter.
These plates were used to periodically measure the air flow until the Hastings
meter was correctly installed. Using the orifice plates, we had determined
the exhaust flow could be varied from nearly zero flow to 6.61 mm3/s
(14 cfm). Another major experimental problem was the high occurrence of leaks
in the Gel man, Model 1109, inline filter holders. We had to reject over 90%
of the filter holders because of leaks. We selected these plastic filter
holders because they were easy to install in our radioactive sampling lines,
could be easily disassembled and could be treated as disposable units because
of their low cost. Unfortunately, the filters would frequently develop leaks
even after they were determined to be leak tight. We lost approximately
three-fourths of our attempted filter efficiency measurements because of these
filter leaks.
Since January 12, 1979, we have been conducting a durability evalution of
a HEPA filter plus electrofibrous prefilter installed in the Pu glove box
shown in Figure 19. Although this evaluation has thus far taken 14 months, a
large fraction of this time was devoted to developing a feasible test
procedure. Since the actual evaluation had to be performed by personnel
committed full time to other tasks, the evaluation had to be short and
simple. The evaluation consisted of periodically weighing the prefilter
medium and measuring the filter pressure drop and efficiency. The weight and
pressure drop of the HEPA filter were also determined. When more complicated
experiments were required, like particle size distribution measurements, we
would visit the facility and direct the evaluation.
We also measured the
exhaust flow and the pressure drop across the HEPA filter and prefilter once
each eight-hour shift prior to cleaning the cartridge filters in Figure 18.
There was no attempt to correct the decreasing flow through the filter as it
became plugged with dust.
After installing two layers of AF-18 media, we measured the prefilter
efficiency using the sampling system shown in Figure 9. The efficiency
measurements were conducted in the following fashion. Radioactive dust was
generated inside the glove box by cleaning the cartridge filters shown in
Figure 18. These cartridge filters were readily cleaned by striking them
firmly on the floor of the glove box to knock off particle deposits. After
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installing the clean cartridges and sweeping the dust into a canister, there
was a sufficient amount of airborne dust to begin the efficiency
measurements. We initially made efficiency measurements at 0, 5 and 10 kV,
but later changed this to only one measurement at 10 kV to simplify the
procedure. Table IV shows the results of these efficiency measurements for
the electrofibrous prefilter.
TABLE IV. Performance of Electrofibrous Prefilter in a Pu Glove Box
Efficiencies, %, at Applied Voltage

Particle lass, g

10 kV

5 kV

10 kV

Pressure

APJcPa

10 kV Appl ied During Particle Loading

0

92.6

97.5

5.6

99.2*

O.<\37

99.97

0.199

•Calculated based on 0 and 5 kV data.

As in our previous evaluations in the U2O3 glove box, we also weighed
the filter to obtain the particle mass and measured the pressure drop. Note
that we had to calculate the efficiency at 10 kV for zero particle mass
because we had inadvertently used an empty filter holder. Table IV also shows
the efficiency of the electrofibrous prefilter after accumulating 5.6 g of
particles. Note that, because of the high specific activity of Pu, we were
able to accurately measure very high filter efficiencies.
The data in Table IV are consistent with our previous evaluations
summarized in Table I when the different experimental conditions are taken
into account. We measured the particle size distribution of the Pu salt
aerosols using the same Andersen impactor previously used in the U2O3
glove box. These measurements showed the activity median aerodynamic diameter
and geometric standard deviation were 3.5 /zm and 2.0 respectively.
Considering only the effect of the particle size, we would expect the smaller
Pu aerosols to have a slightly lower efficiency than the larger U aerosols.
When we also add the effect of the lower flow velocity in the Pu filtration,
the Pu efficiency with no electric field would be reduced even more. The
predicted effects of particle size and flow velocity are shown in Figures 3
and 16 respectively. For the case with no electric field, the small variation
due to the flow velocity would be greatly reduced because of the large
particle sizes. These predictions are consistent with the experimental
efficiency measurements of 92.6% for the Pu aerosols in Table IV and 92.9% for
the U aerosols in Table I. We have ignored possible differences in particle
charge in these two evaluations because our previous studies^) have shown
this effect to be very small. In contrast to the mechanical filtration, when
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we apply an electric field, the most important parameter is the flow
velocity. The predicted higher efficiencies at lower flow velocity are
clearly shown when comparing the data in Tables I and IV.
Our first evaluatior was terminated after obtaining the results shown in
Table IV because the pressure drop across the prefilter had decreased from
0.20 to 0.05 kPa after weighing the prefilter. Although the cake of particle
deposits on the filter surface did not appear to be disturbed in the weighing,
we believed we had ruined the test and began a new evaluation with a fresh
prefilter. (We later found that such drastic changes in the pressure drop
occur quite frequently.) This new prefilter was in continuous service for 12
months.
In the early part of this new evaluation, we encountered a very unusual
behavior. The pressure drop across the prefilter increased rapidly from 0.025
to 0.249 kPa and remained at this level for nearly four months. During this
time, we neither cleaned the filter medium nor removed it from the filter
housing for weighing. We had assumed that an adequate flow was still passing
through the prefilter because the glove box vacuum was within the normal
limits. Although the Hastings velocity meter had indicated a very low exhaust
flow, we had discounted these measurements because previous measurements
showed the meter was inaccurate. We believed an equilibrium condition had
been created with dust flaking off the filter surface as new dust was
collected. The occurrence of a dust layer below the prefilter gave additional
weight to this hypothesis. In an effort to verify this, we made a series of
flow measurements using the calibrated orifices that showed our hypothesis was
wrung. The exhaust flew had been nearly reduced to zero.
We continued to evaluate the same filter medium using a different
procedure in which we routinely cleaned the prefilter every two weeks. This
procedure was used to evaluate the electrofibrous prefilter over an eight
month period. Figure 20 shows the relative flow and the pressure drop across
the prefilter taken during a portion of this evaluation. Note that whenever
the pressure drop decreases, the flow increases. The three C's indicate the
point at which the prefilter was cleaned. After each filter cleaning, the
pressure drop is very low and then gradually increases to its limiting value
within four working days. In a similar fashion, the relative flow is high
after the filter cleaning and gradually decreases as the filter resistance
increases. Figure 20 also shows a filter cleaning that has a very short term
effect on the pressure drop and flow. Presumably, the filter was improperly
cleaned. Note that there are also a number of spikes in the pressure drop and
flow curves that indicate changes in the particle cake structure. These
spikes probably occur when some deposit flakes off the filter surface.
The procedure used in our durability evaluation of the electrofibrous
prefilter provided us with sufficient information on the extension of the HEPA
service life. In addition, the procedure was very simple and representative
of a typical filter maintenance program. Unfortunately, the large
fluctuations in the exhaust flow velocity made the theoretical interpretation
of the test results very difficult. Since the exhaust flow has such a
dramatic effect on the filter efficiency (see Figures 16 and 17) we decided to
change our procedure and maintain a constant flow throughout the evaluation.
We were able to maintain a constant flow of 2.4 mnw/s (5 c fm) by either
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closing or opening the butterfly valve when the electrofibrous prefilter had
either a low or high pressure drop respectively. However, before this new
procedure
was used, we installed a new velocity probe sufficiently downstream
o.r the butterfly valve to prevent any interference. After installation, we
calibrated the velocity probe with our orifice plates.
Figure 21 shows the resulting flow and pressure drop across the
electrofibrous prefilter using this new procedure. In order to maintain a
constant flow as the resistance of the prefilter increased, the operator would
gradually open the butterfly valve. Whenever the flow dropped below
2.4 mm3/s with the butterfly valve wide open, the prefilter medium was
removed from the filter holder and the particle deposits shaken off. After
cleaning, the medium was placed back into service and the butterfly valve
closed down to maintain the constant flow of 2.4 mm^/s. Figure 21 show the
relatively constant flow and the large oscillations in the pressure drcp that
were obtained using this new procedure. The high pressure drop and low flow
during the first two days were part of the previous evaluation. As before,
the C's represent filter cleanings. Figure 21 also shows a break in the
curves after seven days and represents a new filter medium. We had operated
the electrofibrous prefilter using the same medium for over 12 months.
Although this medium was still in good condition, we wanted to begin using our
new evaluation procedure with a fresh filter medium. This new filter was only
the third prefilter medium used during the entire 14 month evaluation.
A very important aspect of our electrofibrous prefilter evaluation is the
recovery of radioactive material. Every time we cleaned the prefilter to
increase its service life, we were also recovering radioactive material.
Since we weighed the filter before and after cleaning, we were able to
determine the amount of material recovered. The average of a large number of
cleanings showed that about 80% of the particle deposit within the filter
medium was able to be recovered. However, the residual deposit that remains
after the medium was cleaned was relatively constant during the evaluation.
Once the medium was in service for a snort time, nearly 100% of the new
deposit was recovered. Based on our measurements, we estimated that we
recovered 98% of the total dust that would normally escape in the exhaust.
(d) Discussion of the Field Evaluation: Although we have only completed a
fraction of our planned experiments, the performance of the electrofibrous
prefilter has greatly exceeded our objectives. We have summarized the results
of our electrofibrous prefilter evaluation in Table V. Prior to the
installation of the electrofibrous prefilter, the HEPA filter had to be
replaced once a month. The cost and volume of waste for the HEPA filter in
Table V, thus represents 14 times the values for a single HEPA filter. The
performance data for the HEPA filter plus electrofibrous prefilter could not
be determined directly because the contribution of the HEPA filter was not
known. We carefully weighed the HEPA filter and measured the corresponding
pressure drop at the beginning of the evaluation. The HEPA filter weighed
2101.8 g and had a pressure drop of 12 Pa at 2.4 mm3/s. These initial
values provided the baseline data for determining the HEPA life and the
contribution of the HEPA filter to the total cost and volume of waste.
However, after 14 months of continuous service, the HEPA filter showed no
increase in pressure drop. Although measurements of the weight increase would
have provided a more accurate indication of the HEPA life, the HEPA filter had
lost 12.7 g because of water evaporation in the extremely dry box. The cost
and volume of waste generated by the HEPA filter plus
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electrofibrous prefilter were therefore determined as previously done in the
U2O3 evaluation. In this case, we assumed the electrofibrous prefilter
only had an average efficiency of 99%. Since the actual efficiencies iri .
Table IV are much higher, the cost, volume of waste, and HEPA life in Table V
are rather conservative estimates.
TABLE V. Performance of Filtration System in Pu Glove Box Based On
a 14 Month Evaluation.
Performance Criteria
Filtration
System
HEPA

Cost
$378.00

Volume of Waste
(Compressing Prefilter)
88.1 mm 3

Material
Recovered*
0 g

lx

HEPA plus
Electrofibrous
$9.04
2.6 m ?
490 g
42 x
Prefilter
(2.1 mm3)
(prefilter
cleaning)
* Estimates based on sample measurements and a calculated 500 g input.
We should point out that the data in Table V is incomplete. We were not
able to measure a sufficient number of filter efficiencies to generate curves
as shown in Figure 11 because of air leaks in the sample lines. Another
important factor that will have to be resolved with more tests is the effect
of the Pu ionization on the filter efficiency. It is possible that the fiber
charge may be neutralized by the Pu ionization and thereby lower the filter
efficiency. Although we did not see this effect with the U2O3 aerosols,
the higher specific activity of Pu may produce this neutralization. We should
also point out that any neutralization of the electrical forces would occur at
higher particle loadings where the filter efficiency is already very high
because of the particle deposits. There is no neutralization at low particle
loadings as seen in Table IV. In addition to more tests with the cleanable
electrofibrous prefilter, we also plan to evaluate the three additional
filtration systems shown in Table III. Based on our previous evaluation in
the U0O3 glove box, we expect the standard prefilter to also have a
significant extension in the HEPA service life. However, the smaller size of
the Pa aerosols (3.5 urn diameter) and the lower flow velocity (80 mm/s) will
probably result in a lower performance than seen in Table III.
In addition to showing the large increase in the filter performance, this
evaluation also demonstrated that the electrofibrous prefilter is a practical
device that can withstand the rugged environment of a production facility.
During the 14 month evaluation, the unit functioned extremely well. The only
hardware problem that occurred was a failure in the safety interlock system.
One of the redundent reed switches had broken and a connecting relay would
occasionally stick. Both of these problems were readily fixed by using more
reliable electrical components. Although one of the potential problems of the
electrofibrous prefiler is sparking across the electrodes, we had never
observed this in our system.
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B. Ventilation System Prefliters
The second major application of electrofibrous filters in the nuclear
industry involves their use as prefilters to the HEPA filters in ventilation
systems. Although this application is, in principle, the same as the glove
box application, the larger size and greater exhaust flow through the
ventilation ducts and plenum chambers require a significantly different
design. The most important factor
controlling the design is the high air flow
velocity. The standard 472 mm3/s (1000 cfm) flow in a 610 x 610 mm duct has
a velocity of 1.27 m/s. As seen in Figures 16 and 17, the increase in
efficiency due to the electric field becomes less dramatic as the flow
velocity increases. At 1.27 m/s, there is little increase in the efficiency
due to the applied electric field. The theoretical explanation for this
behavior is relatively simple. The additional electrical forces created by
the external electric field require a finite amount of time to attract the
particles to the fibers. If the particles are moving too fast, there is not
enough time for this attraction to occur. The solution to our problem is to
decrease the velocity through our filter medium.
One of the most attractive methods for decreasing the flow velocity is to
increase the effective surface area of the filter by pleating. Figure 22
shows our initial attempt at creating a pleated electrofibrous prefilter.
This unit consisted of two continuous, pleated electrodes with a filter medium
sandwiched between. The major difficulty in this design was maintaining the
proper distance between the two electrodes to prevent sparking. We were
trying to maintain an electrode separation of 10 ± 1 mm with large electrical
screens that could be easily distorted. Although we tried a large number of
different schemes to maintain the proper electrode spacing, we were only able
to apply 6 kV before sparking occurred. Another problem with the design in
Figure 22 was the difficulty in replacing the filter medium, which took up to
four hours. An important design criterion for our electrofibrous prefilters
was a fast, convenient medium replacement. After struggling with minor design
improvements to reduce the sparking problem and make media replacement easier,
we finally abandoned the design.
We then designed a new electrofibrous prefilter using modular components
where tolerances could be accurately maintained. These modular high voltage
and ground electrodes are shown in Figure 23. The high voltage electrode is
mounted in a Plexiglas base and top to maintain electrical insulation from the
ground electrodes and the filter housing. The Plexiglas plates also serve as
spacers to maintain the desired electrode spacing and to provide a seal for
the filter medium. The electrofibrous filter, shown in Figure 24, was then
built by first attaching all of the high voltage electrodes to the frame and
then pushing in the ground electrodes. After these photographs were taken,
all of
the ground electrodes were welded together and two handles added to
allOf.1 easy replacement of the filter medium. We have tested the
electrofibrous prefilter shown in Figure 24 up to 13.5 kV before sparking
occurs. This level will provide us with a 35% safety factor for our planned
evaluations at 10 kV.
We have evaluated the second generation prototype prefilter in our
large-scale filter test facility. This facility consists of a 610 x2 610 mm
ventilation test duct that is similar to the ASHRAE Standard 52-68( °). The

366

Figure 22. First prototype, electrofibrous prefilter for
ventilation system
application.

Figure 23.

Modular high voltage and
ground screens for second
generation prototype.

NOTICE
This repoii wa.^ Tcpared as an account of work sponsored by the United
States Gc rnK-nt Neither the United States nor the United States
Department o. Energy, nor any of their employees, nor any of their
contractors, subconiractors, or their employees, makes any warranty,
express or implied, or assumes any legal liability or responsibility for the
accuracy, completeness or usefulness of any information, apparatus,
product or process disclosed, or represents that its use would not infringe
privately-owned rights.
Reference to a company or product name does not imply approval or
recommendation of the product by the University of California ot the U.S.
Department of Energy to the exclusion of others that may be suitable.

Figure 2^. Second generation electrofibrous prefilter for
ventilation system
applications.
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facility also has various aerosol generators and instruments for measuring air
flow, filter pressure drop and aerosol concentration.
The pleated
electrofibrous filter was evaluated at 472 mm 3 /s (1000 cfm) using sodium
chloride aerosols (MMAD = 1.0 jum and Og = 2.0). We used two layers of 6.4
mm thick AF-18 media in this evaluation to compare with other evaluations in
this report. The pressure drop and efficiency of the filter with no electric
field was 60 Pa (0.24 in w.g.) and 35% respectively. When 10 kV was applied
to the electrodes, the efficiency increased to 80%. Since the effective
filter area of the pleated filter was 5.5 times the frontal area, the
effective air velocity through the media was 0.23 m/s. According to Figure
16, we expected an efficiency of 97% under these conditions instead of the
observed 80%. The major source of the lower efficiency was an increased
separation of the electrodes over the 10 mm design. A large fraction of the
filter had the electrodes separated by 20 mm. This problem is being corrected
in our new prototypes. Once we have satisfactory laboratory results with
these new prototypes, we will then conduct a field evaluation.
5. SUMMARY AND CONCLUSIONS
Lawrence Livermore National Laboratory (LLNL) has a comprehensive program
funded by the U. S. Department of Energy to investigate the use of
electrofibrous filters in the nuclear industry. The objective of this program
is to develop prototype electrofibrous filters that will be used as prefilters
to reduce the load on HEPA filters. Potential benefits of the combined
electrofibrous prefilter, HEPA filter system include a reduction in cost,
volume of radioactive waste and radiation hazard when compared to the present
HEPA filter system alone. In addition, the electrofibrous prefilter allows
for the recovery of radioactive material, which is not possible for HEPA
filters. The electrofibrous filter being devloped at LLNL is generated by
applying an electric field across a conventional fibrous filter.
We have reviewed the theory and experimental results that show
electrofibrous filters have a much higher efficiency and greater service life
than conventional fibrous filters. Two mechanisms are responsible for the
increased efficiency. One mechanism is due to a time independent attraction
between polarized fibers and charged and neutral particles. The other
mechanism is due to a time dependent attraction between charged fibers and
charged and neutral particles. The charge on the fibers result from a dynamic
process of charge accumulation due to the particle deposits and charge
dissipation due to the fiber conductivity. We have also reviewed the simple
model of filter clogging that explains how the electric field can extend the
filter life based on the decreased formation of particle dendrites.
Most of the paper is devoted to a detailed description of two laboratory
and field evaluations of prototype electrofibrous prefilters for use in glove
box applications. The evaluation in the Pu glove box at Rocky Flats is still
continuing. This report also gives a brief description of prototype
electrofibrous prefilters for use in nuclear ventilation systems. The
electrofibrous prefilter program at LLNL is a continuing effort with new
prototypes being developed and more field evaluations planned. The major
findings of this report are:
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Based on two field evaluations and tours through the filter
facilities at Rocky Flats and LLNL, a major cause of the high
filtration cost and large volume of radioactive waste is due to an
improper use of HEPA filters. Despite the recommended practice of
using prefilters in heavy duty filtration jobs (16), HEPA filters are
used for nearly all nuclear air cleaning operations.
Field evaluations of radioactive aerosols have verified laboratory
tests that show the electrofibrous filter has a much higher
efficiency than the conventional fibrous filter. However, the field
evaluations have not shown the significant extensions in service life
that were seen in laboratory tests. We believe that the reduced life
in the field evaluation is due to the lack of electrical contact with
the filter media.
Conventional fibrous prefilters can significantly reduce the
filtration cost and volume of radioactive waste, as well as increase
the service life of HFPA filters. An evaluation inside a U2O3
glove box at LLNL showed that a standard fibrous pretilter could
extend the life of the HEPA filter by 3.8 times and reduce the cost
and waste by a similar factor. We should point out that this
conclusion is strongly dependent
having large aerosols that are
easily filtered. The U2O3 aerosols in the field evaluation had
AMAD = 5.4 jum. For aerosols below 1.0 urn, the performance of a
standard fibrous prefilter will be greatly reduced (see Figure 3 ) .
Electrofibrous prefilters have the largest reduction in filtration
cost and volume of radioactive waste, as well as the largest increase
in the HEPA service life. The evaluation of the electrofibrous
prefilter inside a U2O3 glove box at LLNL showed an extension in
HEPA service life by 7.5 times and reductions in cost and waste by a
similar factor. Another evaluation inside a Pu glove box at Rocky
Flats showed comparable improvements by a factor of 42. A major
factor for these dramatic improvements in the filter performance is
the large size of the U and Pu aerosols. The low flow velocity is
responsible for the exceptional performance in the Pu evaluation. We
should also point out that, unlike the standard fibrous prefilter,
the performance of the electrofibrous prefilter will not be greatly
reduced for aerosols below 1.0 <*m (see Figure 3 ) .
Most of the radioactive material trapped in the glove box prefilters
can be recovered for both the standard and the electrofibrous
prefilter. We were able to recover an average of 70% of the U
aerosols and 80% of the Pu aerosols in each filter cleaning.
However, since the residual dust remaining on the filter is
relatively constant over many filter changes, the cumulative percent
recovery increases with every cleaning. We were, therefore, able to
recover 98% of the Pu aerosols over the 14 month evaluation.

•

We have not yet observed the potential reduction in the performance
of the electrofibrous filter due to ionization from the radioactive
aerosols. Tables I and II show that the ionization from U aerosols
does not significantly effect the electrical enhancement. However,
we have not yet obtained sufficient data with the Pu aerosols. Any
decrease in filter performance due to the ionization should be
readily observable because of the high specific activity of Pu.
These potential detrimental effects only occur at high particle
loadings where the electrical enhancement is minor for even
non-radioactive aerosols.

•

Two field evaluations in radioactive glove boxes have shown that the
electrofibrous prefilter is a practical device that can withstand the
rugged environment of a production facility.

•

A pleated electrofibrous prefilter was designed and built for use in
nuclear ventilation systems. Laboratory tests on a prototype unit
have shown that the efficiency increases from 35* to 80% when 10 kV
is applied to the electrodes. The pressure drop across the clean
filter is 60 mm (0.24 in. w.g.). The unit did not reach the expected
97% efficiency because the electrode spacing was too great.
6.
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SITE IDENTIFICATIONENVIRONMENTAL AND RADIOLOGICAL CONSIDERATIONS
David A. Waite
Office of Nuclear Waste Isolation,
Battelle Memorial Institute
Radiological and environmental considerations are recognized
as being of utmost importance in planning, siting, licensing,
operating, and decommissioning a high-level nuclear waste repository.
In such a complex undertaking, it is important to identify the major
concerns anticipated to arise in all of these phases in order to
address them as early as possible in the program.
My objective this afternoon is to briefly summarize three
representative activities/studies which will identify some of the
important radiological and environmental considerations which must
be addressed through this prolonged sequence of events and will indicate
how these considerations are being addressed. It should be emphasized
that these are only three of many which could have been chosen.
The three key activities/studies I have selected to present are
(1) The NWTS Program criteria for identifying repository sites,
(2) The generic guide for preparing environmental evaluations for
deep drilling and (3) A preliminary environmental assessment for
disposal of mined rock during excavation of a repository.
SITE IDENTIFICATION CRITERIA
As part of its coordination role in the National Waste Terminal
Storage Program, ONWI took the lead in developing DOE's siteidentification criteria for geologic repositories. The approach
involved several stages, namely:
•

Compilation and review of previous sitequalification criteria and creation of a draft
document

•

Review and comment by ONWI contractors familiar
with site-qualification investigations

•

Redrafting the document

o

Review and comment by NWTS Program participants
and WIPP personnel

•

Redrafting the document
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•

Review by responsible DOE elements and NWTS
Program participants to achieve program-wide
concurrence.

Following concurrence by NWTS program participants, DOE
released the document for review and comment by interested members
of the public as ONWI-33(2), "NWTS Criteria for the Geologic
Disposal of Nuclear Wastes - Site Qualification Criteria".(*)
The criteria are structured to address all site characteristics
which affect waste isolation. Heretofore, emphasis was placed almost
entirely on the host rock to provide isolation. However, repository
licensing and eventual operation can proceed only when the total
repository system can bt ihown to perform adequately to protect
public health and safety.
The judgement as to whether or not a proposed site will perform
adequately will ultimately be made by the responsible agencies,
e.g., the Nuclear Regulatory Commission (NRC), and state and local
government agencies. These organizations will promulgate policies,
criteria, and regulations, to be addressed in characterizing,
licensing, and operating a repository at a specific site, which are
consistent with those promulgated by other Federal agencies (e.g.,
Environmental Protection Agency, Department of Transportation,
Mine Safety and Health Administration). For example, the Environmental
Protection Agency (EPA) could specify that the health and safety
of the public be defined as adequately safeguarded when radiation
release to the biosphere yields a dose to man no greater than a
certain level.
At the present time, final repository criteria have not been
issued by the responsible agencies. The DOE site-identification
criteria have been developed on the basis of DOE's determination
of what constitutes sufficient safeguarding of the health and safety
of the public, and should be consistent with the anticipated
regulatory standards.
These criteria will be used on an interim basis to guide the
site-identification process, pending promulgation of NRC and EPA
criteria. The comparison of these site-identification criteria to
draft or final criteria previously issued by various government
agencies has been made with no disturbing disagreements being found.
Ten generic areas of site-identification are specified in
ONWI-33(2) as follows:
Criterion I:

Site geometry

Criterion II:

Tectonic environment
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Criterion III:

Subsurface hydrology and geochemistry

Criterion IV:

Surface hydrology

Criterion V:

Geologic characteristics

Criterion VI:

Surface characteristics

Criterion VII:

Human intrusion

Criterion VIII:

Proximity to population centers

Criterion IX:

Environment

Criterion X:

Social, political, and economic factors.

These criteria constitute the framework of site-identification
requirements within which project-specific (i.e., site-specific)
siting factors and specifications will be developed by NWTS Program
participants. When such project-specific specifications are complete,
they are to be issued as appendices to the DOE site-identification
criteria.
Two criteria of particular interest in the context of radiological
and environmental concerns are numbers VIII and IX. These criteria
read as follows in ONWI-33(2):
Criterion VIII.

Proximity to Population Centers

The repository site shall have characteristics that tend to
minimize the risk to the population from potential radiation exposure.
1.

Transportation of nuclear material shall be considered
as part of the repository system and the risk to
population reduced, as practicable.
If several geologically and hydrologically
suitable sites are under consideration, the site
with the lowest transportation risks should be
given preference, subject to such other environmental and economic considerations as may be
relevant.

2.

The repository site shall be located at a distance
away from urban areas, or places that serve as urban
centers, sufficient to minimize the potential risk
to the population from radiation exposure.

Criterion IX.

Environment

The repository site shall be located with due consideration to
potential environmental impacts and to present land-use conflicts,
and ambient environmental conditions.
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1.

The repository site shall be located with due
consideration to potential environmental impacts.
The evaluation of such impacts will include
assessment of aesthetic factors, effects
on local flora and fauna, impacts of surplusmined material, and construction impacts.

2.

The repository site shall be located to reduce
the likelihood or consequence of land-use conflicts.
The consideration of land-use conflicts must
include both surface use, especially as
currently required by environmental legislation,
and subsurface resource denial. Current
environmental legislation includes:
The Wilderness Act of 1964
The Wild-and-Scenic Rivers Act of 1968
Endangered Species Act of 1969
National Wildlife Refuge Act of 1966
National Park Service Lands
National Historic P eservation Act of 1974
National Heritage Program.
Consideration of sites covered by these Acts
will include evaluation of whether mitigating
measures could be undertaken to allow repository
construction and operation. Such mitigating
measures might include removal or exploitation
of articles covered by the Acts, or shifting
location of repository surface systems to
avoid such articles. Evaluation of subsurface
resources will include assessment of the impact
of mineral, water or petroleum resource denial
and the archeological value of the site.
Consideration will be given to whether these
resources or articles of value can be exploited
or removed to allow repository siting.

3.

The repository site shall be located with due consideration
to local meteorological and ambient environmental
conditions. The evaluation of such items as high winds,
tornadoes, rainfall, and flash flooding will be included
to assure there are no unacceptable impacts on
repository performance.
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GENERIC GUIDE FOR PREPARING ENVIRONMENTAL
EVALUATIONS FOR DEEP DRILLING* '
Deep drilling is a part of the second element of the threephase National Waste Terminal Storage (NWTS) geological investigation
program. During the first phase, regional geologic formations
potentially having the desired properties for underground waste
storage are identified. These identified areas may have rock units
which satisfy preliminary repository siting criteria such as:
(1) minimum required thickness, (2) minimum repository depth
required for optimum emplacement, (3) location outside of areas having
tectonic and seismic characteristics which exceed allowable limits,
and (4) negligible quantities of valuable mineral resources.
The purpose of the second phase is to gather geological and
geophysical data which will identify the subsurface stratigraphy
and hydrography of specific sites located within the selected
formations. In order to obtain the required preliminary geologic
and hydrologic data, it is necessary to drill an exploratory
borehole to obtain core and other information relative to the
formation.
Alternative methods of obtaining the required information are
either insufficient or provide only preliminary data. These methods
include using existing data from cores, oil, gas, and water-well
logs, or geophysical surveys such as seismic, magnetic, and
gravity methods which are common in oil exploration.
The third phase of the NWTS Program consists of very detailed
confirmatory studies of formations which exhibit the desired
characteristics. Extensive coring and logging will be necessary to
determine in detail the mineralogy, stratigraphy, and hydrology
of the rock unit. This phase will include additional drilling
around the periphery of the formations to confirm initial predictions.
The generic guide was written as an aid for preparing sitespecific environmental evaluations of NWTS drilling activities in
a variety of geological media such as argillaceous, crystalline,
carbonaceous, and salt formations.
Before discussing the contents of the guide, a brief description
of terms seems appropriate.
Environmental assessment means a concise public document for
which a Federal agency is responsible that serves to:
(1)

Briefly provide sufficient evidence and analysis for
determining Whether to prepare an EIS or a finding of
no significant impact
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(2) Aid an agency's compliance with the Act when no EIS
in necessary
(3)

Facilitate preparation of a statement when one is
necessary.

An environmental assessment should include brief discussions of
the need for the proposal of alternatives as required by Sec. 102(2)(f)
of the environmental impacts of the proposed action and alternatives,
and a listing of agencies and persons consulted.
EIS means a detailed written statement as required by Sec. 102(2)(c)
of the NEPA.
Rationale for proposing EA's:
Section D of the DOE NEPA Implementation Guidelines
indicates the following types of actions normally require
EA's but not EIS's.
(a)

Exploratory and site characterization activities
which by virtue of resource commitment or elapsed
time for completion may foreclose reasonable site
alternatives.

(b)

Land acquisition activities solely for the purposes
of reserving possible candidate sites and which
do not prejudice future programmatic site
selection decision.

Rationale for proposing DOE NEPA Compliance Review:
Where there is some question as to whether an EA is
required or desirable, a review of the procedures will be
requested. Precedent for this has been established.
Originally, each proposal for a deep borehole drilling operation
was supported by an EA. Each EA showed the environmental
consequences to be temporary and/or insignificant.
Accordingly, a simpler Environmental Evaluation was deemed
adequate to confirm that the environmental impacts of the
proposed drilling were so small that an EA was not required.
A site specific environmental evaluation is required for
all deep drilling of 1,000 feet or more.
This guide for preparing environmental evaluations is divided
into five major sections and an appendix. These five sections are
consistent with the contents of actual site-specific environmental
evaluations. The sections are: (1) Introduction and Summary;
(2) Project Description; (3) Alternatives; (4) Site-specific
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Environmental Evaluation; and (5) Analysis of the Proposed Action.
The appendix contains a list of applicable federal regulations and an
Environmental Checklist covering the site-specific impacts of deep
drilling activities.
Specific considerations addressed in Chapters 2, 4, and 5 are
indicated in the following Figure.

Figure 1. Abbreviated Generic Guide Contents
PROJECT DESCRIPTION
Introduction
Environmental Resolutions
Project Facilities
Land Ownership
Site Access
Facility Layout
Land Area Requirements
Geology
Water Requirements
Personnel Requirements and Drilling
Duration
Process Description
•
•
•

Underground Operations
Use of Fluids in Drilling
Core Drilling and Recovery

Environmental Effluents
•
•

Liquid and Solid Wastes
Gaseous Emissions

•

Noise

Borehole Decommissioning
SITE-SPECIFIC ENVIRONMENTAL EVALUATION
Introduction
Air Quality and Meteorology
Cultural Resources
Ecology
• Terrestrial Ecology
• Description of Major Habitat Types
• Aquatic Ecology
• Potential Impacts

379

Figure 1.

Abbreviated Generic Guide Contents
(Continued)

Hydrology and Water Qualify
Semi-Arid Habitat
Wet, Well Drained Habitat
Wet, Poorly Drained Habitat
Water Consumption
Surface Impacts
Subsurface Impacts
Land Use
Noise
Waste Disposal
Drilling-Related Impacts
Aesthetics
ANALYSIS OF PROPOSED ACTION
Unavoidable Adverse Environmental Effects
Relationship Between Short-Term Uses and Long-Term
Productivity
Irreversible and Irretrievable Commitment of
Resources
Potential Beneficial Aspects
The introduction of each section discusses the purpose of the
section and the type of information that should be included. An
example of this material is then presented in the remainder of the
section.
For geophysical activities not including deep drilling an
environmentally oriented document entitled "NWTS Geologic and
Geophysical Activities"(3) has been prepared. The purpose of this
report is twofold. First, it describes the wide range of geologic
and geophysical studies which may be conducted as part of the MWTS
Program. Activities proposed include: shallow drilling, geohydrologic
testing, well logging, seismic testing, resistivity, gravity and
magnetic surveys, and microseismic network studies. These activities
generally affect small areas (less than 1 acre) and involve work
crews of five or less. Even shallow drilling (to less than 1,000
feet), the most intense of the considered activities, should not
require test sites larger than 1 acre.
Second, the report summarized potential environmental impacts
associated with the described types of studies of the three potential
levels of environmental impact: (1) little or no, (2) moderate,
and (3) high; only the former two apply to geological and geophysical
testing. Furthermore, only shallow drilling has the potential for
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moderate impacts in more than one resource category. The environmental
discussions focus on activities with the greatest potential impact
and describe techniques to mitigate them. The geologic and geophysical
studies described do not include those impacts associated with deep
drilling activities, since these are covered in detail in the
previously discussed Environmental Evaluations.
This report consists of four sections. The first two,
Introduction and Summary, explain the purpose of the report and its
major findings. The third section describes the geologic and
geophysical activities which may take place at selected site locations.
The fourth section focuses on the most potentially affected resources
(air quality/meteorology, cultural, geology, hydrology/water
quality, land use, noise, terrestrial ecology, visual quality) and
describes the major environmental impacts associated with activities
identified in Section 3. Overall, the proposed testing activities
yield considerable geologic information with little or no impact
on the environment.

PRELIMINARY ENVIRONMENTAL ASSESSMENT OF DISPOSAL
OF MINED ROCK DURING EXCAVATION OF A REPOSITORY
Geological isolation will entail the construction of an underground
mine in selected rock strata which will form the repository for the
wastes. Rock .emoved from the mine during initial layout and subsequent
operation must be either disposed of permanently or stored temporarily
for later backfill into the mine.
The environmental implications of the mined rock are recognized
as one of the environmental aspects of a waste repository that
will have to be addressed when a specific repository site and design
are eventually selected. Although it is recognized that potential
environmental impact will be very much influenced by characteristics
of the specific location of a repository, the surrounding area and
the particular rock type, a preliminary examination was undertaken
of the general types of environmental considerations that might
pertain. This report (Y/OWI/SUB-77/42503)^ thus represents a
precursor study to help define better the dimensions of the mined
rock problem and the alternatives for each disposal which appear most
promising to pursue from an environmental standpoint during
repository program development.
In recognition that the environmental impact of mined rock
handling will be dependent not only upon the nature of the material
(i.e., granite, rock salt, carbonate, shales, e t c ) and the ways in
which it might be disposed (onsite land fill, processing and removal,
etc.), but also upon the features of the disposal site area and
surroundings, it was necessary to select "reference environmental
loci" within the regions of geological interest to typify the
environmental setting into which the rock would b? placed.
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Reference loci (locations) were developed for consideration of
the environmental implications of mined rock from:

Geological Regions
Salina
Permian
Argillaceous
Crystalline
Crystalline
Carbonate
Gulf Interior

Rock Type

Sub-Region

Bedded Rock
Bedded Rock
Pierre Shale
Granite
Basalt
Limestone
Dome Salt

New York
Texas
South Dakota
New Hampshire
Washington
Ohio
Louisiana

Each of these reference loci was examined with respect to those
demographic, geographic, physical and ecological attributes which
might be impacted by various mined rock disposal alternatives.
Alternatives considered included:
(a)
(b)
(c)
(d)

Onsite surface storage
Industrial or commercial use
Offsite disposal
Environmental blending.

Potential impact assessments consisted of a qualitative look at the
environmental implications of various alternatives for handling the
mined rock, given baseline characteristics of an area typified by
those represented by the "reference locus". Baseline characteristics
and environmental evaluation topics were organized under the following
major headings:
Topographic features
Demographic features
Land use characteristics
Transportation Facilities
Terrestrial Ecology
Meteorology/Climatology/Air Quality
Hydrology
Aquatic Ecology/Water Quality
Radiological
Historical and Archeological Sites
Commercial Mine Rock Uses and Users
Mining Operations
Local Government Authority.
Based upon the evaluations made, each of the disposal alternatives
considered was qualitatively ranked for environmental preferability.
A preliminary numerical value reflective of the degree of potential
environmental stress was assigned. A relative range scale was used
as follows:
1.
2.

Significant to moderate
Moderate to little
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3. Little to none
4. Indeterminate.
The following two disposal option matrices are given as
examples of conclusions drawn for different media and different
geographical locations:
Figure 2. Disposal Option Matrix
Reference Location: Louisiana
OFFSITE DISPOSAL

ONSITE
^ \ v ^ Options
Evaluation
Areas

^ s v.
^v_

Visual
Residential Centers
Population Density
Displacement
Growth
Transportation
Historic Sites
Archaeological Sites
Commercial Producers
Radiological
Met/Air Quality
Ecology
Aquatic
Terrestrial
Hydrology

Surface
Storage

Industrial
or
Commercial Uses

Land
Fill

2
3
3
2
3
2
3
3
3
3
1

2
3
3
2
3
2
4
4
1
3
2

2
3
3
2
3
2
4
4
3
3
1

2
2
2

2
2
2

2
2
2

k

Deep
Well

Ocean
Disposal

2
3
3
2
3
2
3
3
3
3

2
2
3
2
3
2
4
4
3
3
2

2
2
2

1
2
2

2
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Figure 3.

Disposal Option Matrix

Reference Location:

Washington
OFFSITE DISPOSAL

ONS1TE
>^

Evaluations

Options

^v.

Visual
Residential Centers
Population Density
Displacement
Growth
Transportation
Historic Sites
Archaeological Sites
Commercial Producers
Radiological
Met./Air Quality
Ecology
Aquatic
Terrestrial
lydrology

Surface
Storage

2
3
3
2
3
2
3
3
3
3

1
3

2
2

Industrial
or
Commercial Uses

Land
Fill

2
3
3

2
3
3

2
3
2

2
3
2

4
4

4
4

3
3
2

3
3
1

3
2
2

3
2
2

It is interesting to note the similarities of impacts over disposal
method and over medium being disposed, with radiological being a 3. These
similarities are undoubtedly due in part to the preliminary nature of the
judgements based on the limited data base a literature study provides.
Field studies of specific locations and the application of protective
measures tailored to a specific rock type and disposal area could change these
results appreciably.

SUMMARY
As expected, the previous discussions reflect the lack of explicit
radiological concerns during the siting and onstruction of a repository.
After receipt of waste and repository performavice becomes
important, radiological aspects become the overriding considerations
with respect to public health and safety.
Nonradiological and environmental concerns, however, are many and varied
in nature for the preoperational phases. As illustrated in the salt disposal
discussion, these concerns are anticipated to be relatively constant
throughout the predecommissioning phases. The NWTS approach has been to
anticipate concerns, develop as early as possible the data bases necessary
to address the concerns, and to assess to ensure compliance with applicable
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legislation, regulations, and guidelines. The criteria, guide and
assessment discussed here are a very small sampling of documentation related
to the environmental and radiological considerations associated with site
identification, but do involve a few of the important environmental and
radiological considerations of site identification.
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SITE CHARACTERIZATION STUDIES IN THE NWTS PROGRAM
Dillard Shipler
Office of Nuclear Waste Isolation
Battelle Memorial Institute
Columbus, Ohio
and
George Evans
Basalt Waste Isolation Project
Rockwell Hanford Operation
Richland, Washington

INTRODUCTION
The U.S. Department of Energy (DOE) has the responsibility to
identify sites and construct and operate facilities for the storage
or isolation of spent fuel and/or reprocessing radioactive wastes
from commercial nuclear power plants. The National Waste Terminal
Storage (NWTS) Program has been initiated by the DOE to develop the
technology and demonstrate the feasibility of burial and isolation of
high level radioactive waste in deep geologic formations.
The NWTS Program is developing a plan that sets forth the criteria,
procedures, and other considerations required to characterize and select a site in a comprehensive stepwise manner. The plan is not
specific to any given geologic medium but serves as a guide for site
selection in any geohydrologic system deemed appropriate for consideration for a deep geologic repository. The plan will be used by all
NWTS Project Offices in the conduct of their site characterization
program. The plan will be updated, as warranted, to reflect technology
development, National policies, rulemakings by regulatory agencies, and
other changing political, social, and institutional considerations.
The site characterization and selection processes are designed
to screen the contiguous United States for geographic locations
containing geohydrologic systems with characteristics prerequisite for
deep geologic repositories. The objective of the characterization
process is to identify specific geohydrologic systems which will meet
the stringent technical requirements for waste disposal in a manner
consistent with criteria and standards promulgated by the Nuclear
Regulatory Commission (NRC), the Environmental Protection Agency (EPA)
and the Department of Energy. The objective of the selection process
is to choose the site or sites for licensing from among the technically
qualified sites identified using procedures consistent with the
National Environmental Policy Act of 1969 (NEPA), regulations promulgated
by the Council of Environmental Quality (CEQ), and with national
policies established by the President and the Congress of the United
States. The selection process will be conducted in an open forum
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designed to achieve technical, social, and political concensus at the
federal, state, and local levels.
The plan is designed to ensure that the program conforms to
existing regulations and guidelines and to allow for integration of
NEPA requirements with other aspects of the program such as technical
development and design. The plan also is structured so that (1)
environmental studies are underway or planned to provide the level of
data and information necessary to determine effects of a repository on
the environment, (2) appropriate environmental impacts are performed
for alternatives at each stage of DOE decisionmaking, (3) consideration
of environmental impacts through the NEPA process will be integrated
throughout the decisionmaking process, and (A) sufficient flexibility
is allowed for completion of scheduled and unscheduled NEPA requirements.
Site characterization begins with the identification of regions
believed to have suitable geologic, hydrologic, and environmental
characteristics for repository siting. This is followed by an iterative
process of data collection and analysis to identify areas and locations
which appear most suitable for further investigations. In addition,
screening studies of the DOE's nuclear complexes has led to the
selection of the Nevada Test Site and the Hanford Site for further
characterization studies. The site characterization process results in
a number of candidate sites from which a site will be selected and
proposed to the NRC for licensing.

REGION IDENTIFICATION
The identification of geographic regions for characterization can
be initiated based on any one or a combination of considerations. The
approaches being used in the program to initiate identification of
regions for characterization are the host rock, dedicated land use,
and systems analysis.
The host rock approach to region identification has been used
extensively thus far in the program. This approach is predicated
on the assumption that the geologic medium in which the waste is placed
is of primary importance to Isolation and, as such, the final system
selection should include desirable host rock. Following this assumption,
rock types have been and are continuing to be evaluated to determine
those that best meet desired characteristics for waste isolation.
As the most favorable types are identified, the contiguous U.S. is
screened to locate those regions that are underlain with geologic
formations of those rock types. Further studies tud evaluations
of these regions lead to recommendations of specific regions for further
study. For example, salt domes are being studied in the Gulf Interior
Region of Mississippi, Texas, and Louisiana. Similarly, bedded salt
in the Permian Basin in New Mexico and Texas, the Salina Basin in
New York, Ohio, and Michigan, and the Paradox Basin in Utah have been
under consideration or are being actively studied.
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The dedicated land-use approach to region identification assumes
that there are potentially adequate systems for isolation of waste
within DOE-owned reservations which are already dedicated to nuclear
activities. On this assumption, a study has been initiated to evaluate
DOE reservations to determine which, if any, might exhibit desirable
characteristics. At those reservations identified to exhibit these
characteristics, various levels of characterization studies have been
initiated.
The systems approach to region selection assumes that candidate
sites are selected based on the overall systems' predicted capability
to isolate waste. The system includes natural components such as the
host rock, surrounding geology, local and regional hydrology and surface
environment, as well as man-controlled components such as the waste
package, design and operation of the repository and the methodology
for assessing safety and environmental impacts. Further evaluation of
regions identified by this approach also leads to recommendations of
specific regions for further study.
It should be clear at this point, that regions identified by
any of these approaches will be subjected to the same characterization
processes before a candidate site is recommended.
In establishing the data base necessary to fulfill the criteria
requirements of this phase, sources of data with a national perspective
are necessary. The region identification phase utilizes literature
reviews of geologies, systems or dedicated lands of interest, and
determines the regions of that type most suitable in the U.S.
Depending on the approach and, therefore, the applicable criteria,
data gathered may Include water systems; natural resources; population
densities and distributions;, types and sizes of industries; types of
ecosystems; landmarks, historical, or archeological sites; dedicated
lands such as national forests, parks, and wildlife areas; atmospheric
conditions, and transportation systems.
Approaches to region recommendations thus far in the program have
included the identification of salt as a preferred host rock (the host
rock approach), national screening to identify potentially suitable
environmental geohydrologic systems (the isolation system approach),
and the DOE decision to characterize geohydrologic systems of the
Nevada Test Site and Hanford Reservation (the dedicated land use
approach).
Establishing lines of communication between project and federal
and state officials is the key consultation and concurrence aspect
of the region identification phase. DOE'officially notifies each
state involved of plans to study the region. Notifications are

389

followed by briefings and supporting docuaents. This material explains
how and why the regions were selected and the level of planned
activities. Releases to various news media also announce the plans.
Officials of states in the region that are usually informed include
governors, U.S. representatives and senators, key state administrative
and legislative leaders, and appropriate local officials. (In
November, 1976, officials in 36 states received notification of plans
for a national screening for preferred host rocks as the first step
in current site characterisation activities.)

REGIONAL CHARACTERIZATION

Regional characterization activities begin with DOE's decision
to conduct studies in recommended regions. Regional studies obtain
and evaluate geologic and environmental information on large surface and
subsurface areas. These studies consist almost entirely of a further
review of existing data and the compilation of the data into usable
forms to facilitate Identification and ranking of areas for further
study.
Sources for geological data include published scientific reports
and geologic maps; drilling and production records from oil, gas,
and mineral exploration programs; records of earthquake occurrences
and intensities; and records of water-well drilling showing depth,
quality, and amount.
The assessment of data includes the depth, thickness, and continuity
of the formations; water-bearing characteristics of ground-water
systems; physical and chemical composition of the formations; occurrence
of natural resources and potential for production; existence of earth
structures such as folds or faults; seismic stability; and any
anticipated changes in natural geologic processes (such as volcanic
or glacial). At this step, aerial photographic surveys and remoteimagery analysis may also be done.
In addition to geologic and hydrologic data, regional studies
review the nature and use of resources and surface land areas, socioeconomic factors, ecological aspects and general climatology. This
information is evaluated in light of criteria relating to public
health and safety, environmental quality, and socioeconomic conditions.
These studies result in recommendations of areas within the regions, of
about 1,000 mi 2 , that are deemed aost suitable for further study.
AREA CHARACTERIZATION
Area characterization activities begin with the selection by DOE
of the areas preferred for further studies. Following continued
consultation and concurrence with the effected states, data collection
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continues in each area. The same factors are evaluated (environmental,
socioeconomic, and geologic) but within a smaller area and in much
greater detail.
Geologic field work will include drilling deep holes (several
thousand feet) to collect rock and water samples and conduct various
tests. Laboratory tests also are conducted on samples to evaluate their
characteristics. Rock cores are studied to assess the thickness and
uniformity of the formation and the chemical and mechanical properties
of the rock. Shallow holes are drilled to determine the hydrological
properties of the formations and pumping tests are conducted to
determine water-carrying capacities.
Other geologic activities generally conducted at this stage include
installation of a mirroseismic network to record earth movement,
tiltmeters to measure surface movement, and seismic surveys to determine
structure.
Environmental area studies are based on literature surveys and
the accumulation of data available from local experts and institutions
such as colleges, universities, anJ state and federal agencies. Sample
collecting and monitoring work is not usually conducted at this stage,
although reconnaissance visits may be necessary for confirmation
purposes. Environmental studies include gathering and evaluating data
on surface water uses and patterns; climatology and air quality;
demography, socioeconomics, transportation and land use; and terrestrial
and aquatic ecosystems.
Characterizations and evaluations of all geologic, hydrologic and
environmental data leads to identification of locations, of about 30 mi 2 ,
for further study.
LOCATION CHARACTERIZATION

Location characterization studies begin with the selection by
DOE of the locations preferred for further study. Along with continued
consultation and concurrence with effected states, data gathering
continues in each location. Data gathered during this phase includes more
extensive drilling to obtain geologic and hydrologic information,
environmental monitoring and sampling, on-site and laboratory testing
of rock samples, and data analysis. The underlying rock structure
will be characterized in sufficient detail to conduct a limited safety
analysis and the environmental data will be adequate for a limited
environmental impact assessment of potential future activities on
candidate sites.
Geologic evaluations during this step cover the same physical
factors as in the area studies but more intensively.
A baseline environmental monitoring and sampling program will be
conducted at each location to obtain specific, detailed information
on environmental factors. Actual field work will include erection of
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meteorological towers and field surveys of plant and animal
populations.
Conduct of the exploration and characterization studies and
preparation of documentation are the responsibility of the involved
NWTS component. DOE provides review and approval of all aspects of
the phase's activities and makes the final selection of candidate
sites. Other federal agencies provide necessary permits within their
jurisdictions as well as expert review a.id comment. The NRC becomes
involved in this phase via characterization plans and site descriptions
related to requirements outlined in proposed 10CFR60.
Information available at this time in the process is expected
to be adequate to perform evaluations to identify candidate sites.
These candidate sites will be reserved until several sites in several
media have been identified and the DOE decides to select a site to
be proposed to.NRC for a repository license.
DETAILED SITE CHARACTERIZATION
Further detailed site characterization will be necessary after
the location studies to provide the level of information required for
design and analysis of a repository at a specific candidate site.
This level of data and analyses is believed necessary for safety
analysis for a construction application.
The major activities in this phase will be the gathering of
additional detailed data and the conduct of necessary safety assessments.
These assessments will include analyzing data from the site characterization studies to determine design bases, waste isolation capability, and
potential environmental impacts. Data gathering methods will include
more extensive drilling to obtain geologic and hydrologic information,
environmental field work (if necessary), onsite and laboratory
testing of rock samples, and data analysis. The underlying rock
structure will be characterized in detail.
SITE SELECTION
When an adequate number of technically qualified alternative
candidate sites have been identified, the DOE will initiate a site
selection process. During this process, socioecononic, legal,
political, and institutional factors on a national and regional
basis will be superimposed on the technical qualification data of
the candidate sites. The selected site should therefore represent
the entire spectrum of considerations pertinent to establishment of
an acceptable repository site. These evaluations wili be made In an
open forum designed to achieve technical, social, and political
concensus on the first application for a repository. Details of the
mechanism by which these evaluations will be made are not yet fully
defined.
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NEPA IMPLEMENTATION

The characterization and evaluation of environmental factors is
a key element of each screening decision in the stepwise approach to
candidate site identification. Upon approval of the draft NWTS site
characterization and selection plan, an Environmental Assessment will
be prepared evaluating the proposed plan, the development of criteria,
and alternative procedures. When finalized, the plan will be used
as a guide for all NWTS projects. Detailed plans for each project
will follow the guide, lay out project specific procedures, and
identify project specific factors and specifications to be met in
satisfying NWTS programmatic siting criteria.
Environmental Assessments (EA) also will be prepared for major
decision points during the site screening process. The first of these
EAs is expected to be prepared for the decision to narrow from
area to location studies (or its equivalent). At this time, the
decision is made to select a few potential sites in s region for
detailed exploration and evaluation. The EA will assess the screening
process leading fo the identification of locations of interest and
compare the environmental characteristics of the alternative locations
being considered.
Any deep drilling activities planned during any phase of characterization is preceded by the preparation of an Environmental Evaluation (EE).
Each EE describes the proposed site for the activities, identifies
the potential environmental effects of the activities and assesses
the impacts of those effects. To date, all EEs have received negative
declarations from the Assistant Secretary for Environment.
Though an EE or EA is not required for other geophysical activities
conducted during geohydrological exploration, a draft generic EE for these
activities has been prepared and is presently being reviewed.
The identification of candidate sites in a given region is considered
to be a major action requiring an Environmental Impact Statement (EIS).
Several activities and their alternatives will be addressed in these
documents including the potential environmental impacts of operating
a repository at the site, the potential impacts of restricting land
use of the candidate site during the period prior to site selection
and the potential environmental impacts of obtaining any additional
detailed information necessary to develop a design basis and prepare a
safety analysis for a license application.
Environmental considerations necessary for selecting a proposed
site from the several candidate sites will be addressed in a supplement
that compares the environmental information available in the updated
candidate site EISs.
The selection of a proposed site will be followed by the preparation
of a license application which includes an Environmental Report (ER).
The NRC will evaluate the ER, conduct other independent analyses and
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prepare an EZS to be considered in the decision to grant a license
for a repository.
This process of including environmental considerations in
siting activities and decisions is part of the overall plan to select
sites in an open forum and in compliance with NEPA, and CEQ regulations
and DOE guidelines.

SITE CHARACTERIZATION ON DOE DEDICATED LAMD
A screening study of the DOE's nuclear complexes has led to the
selection of the Nevada Test Site and the Hanford Site for
further characterization studies. The Nevada Nuclear Waste Site
Investigation (NNWSI) project at the Nevada Test Site was initiated
in 1978. Sandlr Laboratories is responsible for technical overview
of the project as well as site identification and characterization
activities. Initial screening of the. site identified 3 areas in 3 media
of interest. Further studies have narrowed the potential sites to one.
The host rock at this site is tuff. Detailed characterization of this
site will start this year and a determination of suitability is expected
in 1982.
The Basalt Waste Isolation Project, managed by Rockwell Banford
Operations, is aimed at examining the feasibility of disposing of
nuclear waste in a deep repository in basalt beneath the Hanford
Site. One of the major tasks of the Basalt Waste Isolation
Project consists of identifying any sites within Hanford that are
suitable locations for a nuclear waste repository. This site
identification task began in 1977 with preliminary geologic and
hydrologic reconnaissance studies and will be completed in 1981 when
a preferred site is scheduled to be identified.
The BWIP site identification process to date has involved:
1.
2.
3.
4.
5.

The
The
The
The
The

development of guidelines and decision theory
assemblage and cataloging of existing data
screening of the data using a structured process
identification of locations
selection of preferred locations.

All of these steps have now been completed.- A final step in
the site identification process, which is now under way, involves
reducing the several locations to the preferred site.
Guidelines for screening were developed based on a careful
analysis of existing and proposed regulations. The decision theory
used was drawn from an acceptable methodology used in nuclear reactor
siting analysis.
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The data required for identification were based on the U.S.
Nuclear Regulatory Commission's proposed general statement regarding
licensing of geologic repositories and CEQ regulations governing the
consideration of environmental factors in the decision process. Thus,
it was concluded that site identification and proposed repository
operations must meet the following objectives:
1.
2.
3.

Assure public health and safety
Mitigate adverse environmental and socioeconomic impacts
Minimize cost necessary to attain the requisite levels
of safety as well as cost of mitigation.

Data used for site identification included all the existing
geologic, hydrologic, and engineering data available to date within
the Fasco Basin of the Columbia Plateau. The Pasco Basin was selected
as the study area since it is the structural entity within which
the Hanford Site is located. The basin corresponds to one of
the thickest accumulations of Columbia Plateau basalts. The geology
and hydrology of the Pasco Basin have been Intensely studied for the past
10 years with moie concentrated study during the last 2 years. A principal result of these studies was the discovery that, at depths of between
2,500 to 4,500 feet beneath the Hanford Site, there are a few
laterally extensive Columbia river basalt flows that are internally
dense, and thick (nearly 200 feet). The thick, dense interiors, of thsse
flows are being considered as the candidate host rock units for a
repository. Such candidate host rock units can be identified with a high
degree of certainty in surface outcrops and in core holes, and therefore,
their locations can be projected between boreholes with confidence.
The screening process reduced the study area to nine locations
of approximately 10 square miles in size. Subsequent evaluations
indicated that two of the locations were less desirable because of
their proximity to potential hydrologic discharge regions and the
potential of reduced size. Thus, further work will concentrate on
the other seven locations which cover about 70 square miles.
Additional geotechnical studies and trade-off studies using the
techniques of dominance analysis will be conducted to select a
preferred site. By September, j.981, a preferred site will be identified
and a Site Characterization Report prepared.
Detailed site characterization activities to be initiated in
September, 1981, will provide the level of information necessary
to perform adequate safety and environmental assessments for a
license application.
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SITE CHARACTERIZATION STUDIES IN HOST ROCKS
Studies to identify preferable host rocks have been underway
in the United States for over 25 years. Those rocks found to be
most attractive are halite (salt), hard rocks such as granite and
basalt and argillaceous rocks (clay). Of these rocks, halite and
its geologic formations have received the most attention. Regions
for study were selected following a screening of the contiguous
United States to identify viable salt formations.
Since the initiation of the NUTS Program, site characterization
and screening activities in salt have been conducted in the Paradox
Basin in Utah, the Permian Basin in Texas, the Gulf Interior Region
in Mississippi, Louisiana, and Texas, and the Salina Basin in New
York and Ohio. These studies were initiated by the Office of Waste
Isolation (Union Carbide Corporation) and are presently being conducted
by the Office of Nuclear Waste Isolation (Battelle Memorial Institute)
Characterization activities are ongoing in all of these regions except
the Salina Basin where regional studies were completed and areas for
further studies were recommended in late 1978. Further consultation
with the states involved will be necessary before field activities
will be resumed.
Area characterization studies are currently being conducted in
the Paradox Basin in Utah. These area studies are expected to be
completed in early 1982 followed by a recommendation of locations to
be studied by mid 1983. A preferred site is expected to be recommended
in the Paradox Basin in late 1983.
Area Characterization Studies are being conducted in the Palo
Duro and Dalhart Subbasins of the Permian Basin. The schedule for
this work is about 1 year behind that in the Paradox Basin calling
for selection of a preferred site in late 1984.
Three area studies are being conducted in the Gulf Interior Region;
one in each of the 3 states, Texas, Mississippi, and Louisiana. The
areas encompass 7 domes; 2 each in Louisiana and Texas and 3 in
Mississippi. Screening to a few locations for detailed studies is underway with the selection anticipated in early 1981. These detailed
studies are expected tc lead to identification of a preferred site in
mid 1982.
Studies in shale have been conducted for several years but the
rate of characterization of regions is much slower than for salt.
A national screening was conducted to identify formations of shale
with favorable characteristics and identified regions were prioritized
for studies. However, characterization has been limited to a few drill
holes and laboratory studies. No field work is being carried on at the
present time and future studies in shale are being reevaluated.
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A national screening of granite formations in the contiguous
United States has been conducted and data collected is being
evaluated. It is expected that regions of interest will be identified
and prioritized this year. This information will be discussed with
state officials where these regions are found, and through consultation
with these states, it is expected that regions will be selected for
further study. By using the process of state consultation and
concurrence in parallel with the characterization process described
above, it is anticipated that a preferred site in granite can be
identified in late 1984.
SITE CHARACTERIZATION STUDIES OF ISOLATION SYSTEMS
The Geological Survey (GS) of the Department of Interior is
conducting screening studies for the NUTS Program. These studies are
directed toward the identification of geohydrologic systems in the
contiguous United States that might have unique properties advantageous
to the isolation of waste. One type of formation that may hold promise
is a closed hydrologic system whers ground-water flow rates are very
low, and the water is contained within the geologic formation, leading
to the belief that there may be no discharge to the biosphere. These
studies are in their preliminary phase and no schedule has been developed
for detailed characterization.
Another national study is planned to start i-his year to identify
regions within the contiguous United States that have potential for
waste isolation based on simultaneous application of all siting
criteria. This systems analysis approach is designed to identify
regions based on applicable safety, environmental, engineering and
socioeconomic considerations prior to detailed characterization. A
schedule for characterization of such systems will be developed
based on the result of the screening studies.

FIRST REPOSITORY SITE SELECTION

As stated above, the process for selection of the first site for
licensing has not been fully defined. However, as evidenced by the
schedules presented above, the President's plan for selecting a preferred
site in mid 1985 can be met, as candidate sites .representing several
geohydrological systems will have been characterized by that time.
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PUBLIC COMMENTS ON THE DRAFT GENERIC ENVIRONMENTAL
IMPACT STATEMENT FOR MANAGEMENT OF COMMERCIALLY
GENERATED RADIOACTIVE WASTE
M. R. Kreiter, C. M. Unruh, and R. F. McCallum
Pacific Northwest Laboratory
Richland, Washington

INTRODUCTION
The U.S. Department of Energy has the responsibility for developing the
technology required for managing commercial radioactive wastes in an environmentally acceptable manner. As part of this responsibility, DOE has preprred
a draft environmental impact statement on the management of commercially generated radioactive waste. The draft was issued for public comment in April of
1979; five public hearings were held. The draft GEIS is intended to provide
environmental input for the selection of an appropriate program strategy for
the permanent isolation of commercially generated high-level and transuranic
wastes. The scope of such a strategy includes research and development into
alternative treatment processes and emplacement media, site investigations
into candidate media, and the examination of advanced waste management
technologies.
The draft statement describes the commercial radioactive wastes that
would have to be managed for yery long periods of time from an assumed nuclear
generation sceanrio of 10,000 GWe-yr of power over a 65-year period ending in
2040. These long-lived wastes, designated as high-level and transuraniccontaminated wastes are those for which DOE will have responsibility for disposal. The management of low-level wastes and uranium mill-tailings, both of
which are disposed of by commercial entities under NRC regulation, has been
discussed in separate analyses by the Nuclear Regulatory Commission. The
generation of 10,000 GWe-yr corresponds to growth from the present 50 GWe
installed capacity to a projected 400 GWe capacity in the year 2000 and the
generation of power by these reactors over an assumed 40-year reactor lifetime.
The reference installed nuclear generating capacity used in the GEIS is based
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on DOE'S high-growth, high-demand scenario, which provides, of course, an upper
bound estimate of the quantity of wastes to be generated. A second, smaller
growth rate of 255 GWe capacity in the year 2000, corresponding to 6,300 GWe-yr
of total electricity generated was also analyzed. Scaling factors for other
levels of nuclear power generation are also described. The installed nuclear
capacity is assumed to comprise two-thirds pressurized water factors (PWR) and
one-third boiling water reactors (BWR).
PUBLIC INVOLVEMENT
The National Environmental PoMcy Act provides for public involvement by
requiring preparation of an environmental impact Statement for major Federal
actions. Additionally, Council on Environmental Quality (CEQ) guidelines state
that public hearings are necessary if the action is of sufficient interest to
the public. DOE solicited public involvement to ensure compliance with N'EPA
and CEQ guidelines.
On April 20, 1979 a notice was published in the Federal Register announcing the availability of the draft Commercial Waste Management Statement and
requesting review and comment by interested public groups and individuals.
In the notice a comment period ending July 6, 1979 was identified. Because
of requests from several sources, the comment period was extended to
October 4, 1979. In a later Federal Register notice, the holding of public
hearings in several locations throughout the United States was announced.
Each of these approaches has provided valuable and substantive input to the
completion of the Management of Comtnerciaily Generated Radioactive Waste,
DOE/EIS-0046.
Written Comments
Written comments upon the draft Statement were received from numerous
sources, including individuals, states, industry representatives, and public
interest groups. About 220 different groups or individuals were represented
by a like number of letters. Individual comments presented in the letters
ranged from one to about 300 for a total of 2000 comments identified in the
letters received by the Department of Energy.
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Upon receipt, each individual letter was given an identification number.
Letters were then examined and substantive comments identified. As shown in
Figure 1, the comments were then categorized into two general areas. The areas
included comments directed toward policy and comments directed toward technology. These broad categories were further subdivided into topic areas. In the
case of comments on policy, there were same nine individual specific topic
areas. In the case of technical comments, there were 17 topic areas. The comments were then assembled into the topic area, gathered together in similar
groups and distilled or paraphrased as singular key issues. Key issues were
then addressed, and responses are now being prepared for the key issues
identified. After review, the issues and responses will be incorporated as
modifications to volumes 1 and 2 and will be individually reported in a new
volume 3.
Public Hearings
Five hearings were held to provide interested groups and individuals the
chance to express their ideas on radioactive waste management and to comment
on the Statement. These were spaced in both time and location to permit
collecting comments across the nation. A hearing board, composed of five wellqualified individuals with no current direct connections or program support
from DOE was selected. The hearing board was composed of:
Chairman:
Professor George Frampton
College of Law
University of Illinois
Dr. Clifford Smith
Vice President for Administration
Oregon State University
Dr. Dorothy Newman
Consultant, Lecturer
Dr. Hugh Barnes
Department of Geosciences
Pennsylvania State University
Dr. Melvin Carter
Office of Interdisciplinary Programs
Georgia Institute of Technology

POLICY
COMMENTS

TOPIC AREAS

KEY ISSUES

RESPONSES
ISSUES AND
RESPONSES

COMMENT
LETTERS

ACTION:
MODIFICATION
OR REVISION

TECHNICAL
COMMENTS

FIGURE 1. Process for Handling Public Comment Letters

VOLUME
3
VOLUMES
1 AND 2

o
o
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The five hearings were held as follows:
Washington, DC
Chicago, IL
Atlanta, GA
Dallas, TX
San Francisco, CA

June 26-27
August 8-9
September 25-26
October 2-3
October 8-9

The hearing board established the rules of conduct for the meeting, listened
to the public meeting participants, and quizzed participants to clarify an
understanding of their statements. The hearing board, at the conclusion of
the five hearings, prepared a report of the issues developed by this process.
In preparing the final draft Statement, DOE is now considering the hearing
board report as well as the several hundred comment letters received on the
draft Statement.
Results of Comments
The comments are reflected in the work now being undertaken to revise
portions of the Statement and to include a new volume 3. The new volume will
provide a clear and concise statement of the paraphrased key issues plus
associated responses. Included also will be a cross-reference system permitting the reader to locate within the text of the Statement the revisions
made as a result of the particular comment
A more positive statement of the proposed Federal action and alternatives
to that action has been made in response to numerous comments that the purpose
of the impact statement was not clear to the reader. The action proposed by
the Federal Government is a research and development program that emphasizes
the use of mined geologic repositories capable of accepting wastes from reprocessed and unreprocessed spent fuel. This research and development program
will be carried forward to allow location of specific sites for construction
of the first disposal facilities for high-level waste, which will be mined
repositories. An alternative is one of no action, In which the Federal
Government would not undertake development of any disposal option but would
leave the system as it now exists. A second alternative is one that would
result in a plan to bring to an equal level of knowledge and development
alternatives other than disposal in a conventionally mined geologic repository.
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As a result of many comments, a new summary is under preparation. This
summary will be much shorter than in the draft and will attempt to focus on
key findings of the environmental analysis reported within the draft Statement.
The intention is to better communicate with the public and to assist in the
understanding of the enormous amount of data presented within the Commercial
Waste Management Statement.
DISCUSSION
The public hearing process offered an opportunity for all participants who
showed up at their designated times to participate. Only at the San Francisco
hearing was the full two-day period completely used, and about 5 to 10
speakers, who were not previously scheduled participants but announced their
interest during the hearing, were not able to be heard. All scheduled participants were heard at all hearing board meetings. The hearing records were maintained open so that written comments could be submitted to the board for their
consideration after completion of the oral hearing process. Complete transcripts were made of each hearing.
Advertising for the public hearings varied widely at different locations
in the country. Newspapers, radio ads, official Federal Register notice
publications, and letters to known interested individuals and organizations
resulted from DOE's major effort to make the hearings completely open and
available. At each hearing there were persons who heard of the event only
shortly before the hearing itself and who stated that a better job of public
involvement and scheduling was needed. It becomes very difficult to determine to what extent public advertising can effectively notify "all" interested
individuals of the public hearing process.
The hearing process was effective in collecting well-reasoned and welldeveloped comments, representing a spectrum of opinions, about the Impact
Statement's contents. But the process was also lengthened and confused in
part by many who commented on broader issues than are contained within the
Statement's scope. Greater visibility through better public advertisment of
the hearings coincided with better communications with public interest
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groups. The hearing board and DOE repeatedly requested suggestions for improving the public hearing notification process. The suggestions received may be
summarized as:
1. Take out sizable, frequent newspaper ads in the hearing city and region
well before the hearings, and repeat several times.
2. Take out TV ads.
3. Notify, by letter, known special interest groups and ask them to help
inform other groups and individuals who might have an interest.
4. Notify local, state, and government offices by letter.
The most successful hearing occurred when the above notification steps were
taken. This type of publicity seemed to reach a good cross-section of
interested groups and individuals and resulted in a full commitment of all the
available hearing time. Good publicity was effective.
A review of the comments derived from the hearing process shows they fall
generally, into three categories. Many participants were seriously concerned
about the Statement and voiced their specific comments, both pro and con,
showing they had made a detailed review of the Statement and had studied its
contents thoroughly. A second group of participants had received a summary of
the Statement, perhaps only a few days before the public hearing process, and
provided comments less specific than the first group's. Those who became involved only shortly before the hearings tended to have less detailed contributions, as might be expected. A third group of participants were avidly opposed
to nuclear power and based their presentations to the hearing board on that
premise. These comments, in general, did not address the content of the Impact
Statement and were not specifically helpful in preparing the final draft. Many
of those in this third group had not read the Statement nor the summary, but
appeared primarily to use the hearing process as a forum to speak against nuclear power. Basically, for them, the purpose of the hearing was not appropriate and was too narrow in scope to meet their needs.
The hearing board collected the points of issue from the voluminous transcripts and summarized these for use by DOE in preparing the final EIS. Many
of the same comments, both pro and con, were made many times by different
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participants at different times and at different hearings. While some
technical comments and data were presented, the comments tended to be more
socially-, perspective- and opinion-oriented. The general lack of specific
comments was noted.
The value of the public hearing process is difficult to assess. It has
widely differing value to different participants. Participants commented on
their lack of confidence in the value of the process. Many felt that if this
particular comment or opinion was not adopted, then that proved their point
that DOE did not, in fact, want their input. Many came to interact with a DOE
board and did not recognize the nature of the independent hearing board composition or its actual assigned functions. The public hearing process was not
understood by many participants. Many appeared with essentially no preparation
or study of the Statement.
We believe the public involvement process was worthwhile. Participants
usually had strong opinions. All comments pertaining to the Statement were
welcome and heard by the hearing board and most of the team leaders who
prepared the draft Statement. In the final draft of the Statement now being
prepared, the exposure to the hearing process and the many comments made at
the hearing and in the comment letters to DOE are receiving deliberate
consideration. Not all comments will be adopted; not all merit adoption; many
were diametrically opposed, preventing such a possibility.
Extensive public response through comments and involvement in hearings
provided evidence of the success of DOE's attempt to involve the public. Much
remains to be done to improve the understanding of the public participation
process. With a wide range of divergent opinion, however, improvements in the
process will be slow and difficult. With divergent points of view, not all
views can be adopted. Such is the mechanism of the democratic process—all
will be heard, the prevailing course of action will be adopted. The minority
may elect to acquiesce or may continue to proclaim their positions in another
or future forums.
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SOCI0EC0NOMIC AND INSTITUTIONAL
CONSIDERATIONS FOR WASTE MANAGEMENT
Games R. Finley
Office of Nuclear Waste Isolation*
1. OVERVIEW AND BACKGROUND
The Office of Nuclear Waste Management (ONWI) conducts a range of management, research, and development activities for DOE's National Waste Terminal
Storage (NWTS) Program. Programmatic emphasis is on isolation of wastes in
mined geologic repositories while alternative methods are also being studied.
The NWTS Program involves four coordinated efforts: the Basalt Waste
Isolation Project (BWIP) at Hanford, Washington; the Nevada Nuclear Waste
Storage Investigations (NNWSI) at the Nevada Test Site (NTS); and ONWI's
program, and the Subseabed Program at Sandia Corp.
ONWI's scope of effort includes lead responsibility for NWTS oversight
and project coordination, for development of general technology, for
geologic exploration on non-DOE property, and for public affairs and
communications. The socioeconomic program is in the Technical Support
department within the functional area of Technology Development and
Engineering.
2.

INTRODUCTION

Principal activities of the socioeconomic program at the Office of Nuclear
Waste Isolation are to initiate and manage research to:
(1) Determine social and economic impacts associated with
the nuclear waste management system, especially those
resulting from a mined geologic repository
(2) Design strategies to mitigate adverse impacts
(3) Initiate a community development process to implement
the mitigation program, and

* A contract office of the U.S. Department of Energy operated by
Battelle Memorial Institute at 505 King Avenue, Columbus, Ohio 43201.
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(4) Monitor the impact and mitigation process over time,
and initiate correction where warranted.
Program Functions
There are several functions the socioeconomic program performs for
ONWI and the Nuclear Waste Terminal Storage (NWTS) program. Among
these functions are
(1) Provide data to be utilized in the site selection
process as adjunct to geologic characterization
data
(2) Meet NEPA and regulatory criteria which require
adverse social and economic impacts to be detected
and mitigation procedures specified
(3) Provide a systematic assessment of the tangible and
intangible benefits and costs to a community from
repository development and operation
(4) Design strategies to mitigate adverse social and
economic impacts and implementation of such
(5) Assist repository site communities to assess their
developmental needs and to organize for growth
management.
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3. SOCIAL AND ECONOMIC IMPACTS
Social and economic impacts of repository development are classified
as (1) standard and as (2) special. Standard impacts are those which
would be associated with any large scale mining and construction
activity. Special impacts include those which may be unique to
construction and operation of a nuclear waste repository.
Standard Impacts
Standard economic, social, and demographic impacts of large scale
energy development are of increasing concern to program managers in
both the public and private sectors. Gilmore (1976) has postulated
a vicious circle or "problem triangle" associated with large-scale
energy development in rural areas, creating boom town effects. These
effects are identified as rapid rates of population influx intc a
community, resulting in shortages of public and private services.
These shortages tend to make the community an unattractive place to
live. As a result, it becomes difficult to retain and recruit quality
workers, and worker productivity may decline. Declining productivity
may require addit onal workers in order to meet construction schedules.
But additional workers add to the service burden and the problem-set
then incrementally escalates (Murdock and Leistritz, 1979).
Several computerized and socioeconomic impact assessment models have
been designed to project economic, demographic and social impacts of
proposed development activities. The ONWI/NWTS socioeconomic program
expects to utilize one or more of these models. One such model has
been utilized to project generic socioeconomic impacts at three
reference sites for a generic environmental statement (U.S. Department
of Energy, 1979). Specific economic and fiscal impact projections,
as well as others, await the selection of potential repository sites
(see the papers by Waite and by Evans and Shipler in these proceedings
for a description of siting considerations and procedures).
A current review of 12 socioeconomic impact models suggests several
considerations relative to their selection and use (Murdock and
Leistritz, 1980).
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First, and most revealing, is that such models cannot address many
socioeconomic issues relevant to environmental decision making. By
way of illustration, these models may project the number of additional
physicians or teachers required to attain certain population/physician
or pupil/teacher ratios. But they do not indicate the structural
changes which will likely occur in the health delivery or educational
systems. It is exactly these structural* impacts which are of concern
to local leaders and citizens, and there is a growing body of literature
which suggests "both new and long-time residents in currently developing
communities are more dissatisfied with community services than residents
in either pre- or post-development communities..." (Murdoch and Schriner,
1979).
A second consideration related to the use of socioeconomic impact models
in that the methodology employed requires significant and continued
development. Such models have been recently developed, mostly during the
decade of the 1970's. Model developers have used similar methodologies
and the utility of the methods has not been adequately assessed. Thus,
the program must be prepared to invest in further model development and
verification if credence is to be given the output of modeling exercises.
A third consideration is that properly selected socioeconomic models can
meet a wide range of data needs. The user can include those models which
provide data on variables of interest and exclude those which do not
provide proper geographic or governmental area coverage.
Special Impacts
The special impacts associated with location, development, and operation
of a waste repository are less tractable than are standard development
effects- Since there has not been a repository developed to date, we can
only make estimates as to the nature of the special effects at this time.
Researchers under contract to ONWI have identified three intangible or
special effects associated with a waste repository as (1) risks from
routine operations, (2) risks from abnormal events, and (3) burden to
future generations (Smith and Cole, 1979).
Special impacts have also been categorized as (1) public beliefs about
safety, security, and concern for future generations; (2) public acceptance,
including possible rejection, involvement, controversy and protest; and
(3) concerns about governmental action, including land restriction, security,
preemption, and monitoring (Cluett, et al., 1979).

* A structural change in health delivery might be from personal attention
and care provided by a single physician to more segmented, impersonal
group or clinic practice where the malady takes precedence over the
individual.

I
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The special effects have received little attention, and so are in need
of characterization and refinement, both conceptually and empirically.
They are subjective in nature and will require innovative approaches to
measure and to mitigate.
It is a premise of the nuclear waste isolation program that a repository
will be designed so that there will be no radiation beyond that from
normal background, and there will be no release of radioactive materials
to the biosphere, except in the event of an unanticipated incident.
Thus, risks to present or future human populations are essentially those
associated with accidents. Several accident scenarios have been postulated in a draft generic environmental impact statement (U.S. Department
of Energy). Defining risk as the product of probability of accident
occurence and the consequences of the occurence, the analysts have
concluded the objective health effect risks to be very low.
Subjective or perceived effects, such as anxiety, are the special effects
which require investigation and monitoring. A basic question for research
is the extent to which anxiety or fear will be in evidence at a repository
site. Another question for research is the perceived worth or value of
subjective effects and whether or in what form mitigation should be
attempted.
Work in progress is attempting to determine individual valuations for
changes in perceived risk (Cummings, 1979). In this work two types of
contingent valuations are being assessed. One contingent valuation is
associated with public costs and changes in public risk; the second is
concerned with private costs and changes in public risk. Operationally,
for the first contingent valuation the investigators propose to determine
the number of new jobs brought by the plant it would take to induce
individuals to adjust their a priori attitude from one of concern about
the facility to either indifference toward or support of the facility.
The measure of the second contingent valuation is being undertaken by
determining how much tax reduction would induce individuals to move
their attitude from concern to indifference or support. The researchers
will incorporate resulting data into the benefit-cost computations as
a measure of the risk-costs attributable to the project.
Work this fiscal year in the area of socioeconomic impact assessment
includes
t Evaluation of existing socioeconomic impact models to
determine their efficacy for site specific assessment
•

Selection of the model or model components to be
utilized at possible repository sites
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Initiation of work to modify existing models for
analysis of impacts associated with a nuclear waste
repository, and

•

Initiation of work on the nature and extent of special
impacts and their assessment.

Progress reports on the above tasks are scheduled to be delivered
in September, 1980.
4. MITIGATION STRATEGIES
It is not enough to project socioeconomic impacts resulting from a
repository. A program must be designed to mitigate the prospective
impacts. For our purposes we define mitigation, in accord with the
Council on Environmental Quality (CEQ), as actions to avoid, to minimize, to reduce or eliminate, or to compensate for adverse impacts
(CEQ, 1978).
The basis for mitigation is the assumption that the benefits of waste
isolation will be distributed to all members of society, while the
socioeconomic costs will be localized at the repository site community.
A basic challenge in design of mitigation programs is to ensure equitable
distribution of mitigation benefits. That is, benefits should accrue
to those who actually bear the costs of development within an adequate
and acceptable time frame.
There are several reviews of available mitigation programs which enumerate
various programs and their legislative authority (Brody, 1977 and Moore,
et. al., 1978). Within existing legislation, a nuclear waste repository
will be a Federal facility, and impact assistance in lieu of taxes will
be available to affected communities, as will assistance to local educational institutions (Education Act, 1965). Precedence for mitigation
of "special effects" imposed by nuclear facilities has also been
established (Atomic Energy Act, 1954). The Department of Energy
has indicated willingness to consider mitigation efforts in addition
to those permitted within existing legislation (Bateman, 1979). Of course,
impacted communities have the ability to request funding under a myriad
of Federal domestic assistance programs which are described in The
Catalog of Federal Domestic Assistance (Office of Management and Budget,
annual).
While a repository will be a Federal installation, under current policy
the utility and other customers or users of the repository will make
fee payments to the government. Thinking at present is to tie the
socioeconomic mitigation program to the fee schedule. Therefore, there
is anticipated to be a dependable source of revenue to support impact
mitigation.
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Existing mitigation mechanisms may be found wanting:
•

Payments in lieu of property taxes are for the original,
unimproved property valuation, and therefore do not
provide a net community benefit

•

Educational assistance funds may suffice for local
educational agencies, but do not provide funds for
other affected services

•

Impacts resulting from an influx of workers and families
will be immediately felt, while Federal assistance programs may suffer substantial delays prior to implementation

•

There is a "front-end loading" problem where local capital
investments need to be made at the beginning of the development process, but revenue from the project may not be adequate
to support initial capital development needs.

Given the above considerations, and the fact that localities involved
will be affected through externally induced forces, much research
remains to be conducted on the overall mitigation strategy to be
adopted by DOE.
During fiscal year 1980 we are conducting research to identify possible
impact mitigation strategies. This work includes evaluation of existing
programs and of proposals which have been made but not yet implemented.
For example, it has been proposed that communities be permitted to "bid"
on unattractive or noxious governmental installations (O'Hare, 1977).
As of now, it is unclear whether procedures such as that outlined by
O'Hare are appropriate to repository siting since there may be a relatively
small area of geologic "indifference", thus narrowing the area of geographic
choice. A report on mitigation alternatives is to be produced by
September, 1980.
5. COMMUNITY DEVELOPMENT PROCESS*
Nuclear waste repositories will be located where there will be minimal
disruption and risk to society, away from population centers and in rural
regions of the United States. On the one hand, the immigration of workers

* This process is concerned with impacts at the local community and how
they can be managed. President Carter recently enunciated a broader
involvement program not described here through a State Planning Council
(see President's Policy Statement on Comprehensive Radioactive Waste
Management Programs, February 12, 1980).
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and their families and the capital investment associated with a repository will create a boon to the local economy. On the other hand, it
has been pointed out that "such a policy would place risks disproportionately on rural, economically depressed, and politically powerless peoples"
(Kasperson, 1977).
The concept of a community development process rests on the premise that,
in contemporary American society, people should be permitted to be
involved in public decisions which affect their lives. If such is the
case, then mechanisms need to be developed to incorporate, insofar as
possible, the views and interests of local officials and citizens.
Recent research for ONWI investigated several alternative public
involvement techniques (see Table 1). Research this fiscal year is
concentrating on the nature of appropriate involvement and the timing
when different forms of involvement should occur. For example, if a
waste repository is to be sited primarily according to geologic criteria
and secondarily according to socioeconomic criteria, then when is it
appropriate to move from a public information and media program to a
program where the views and interests of the local populace are elicited?
A report on community development stages and their timing will be produced
for September, 1980, delivery.
6. MONITOR IMPACTS AND MITIGATION
The equity principle states that those who are impacted should receive
the benefits of mitigation. In order to ensure that impacts are properly
assessed and that mitigation efforts and investments are properly directed,
it will be necessary to establish a monitoring system. The monitoring
procedures will be conducted periodically and adjustments made in mitigation

programs as necessary.
The monitoring programs will be designed prior to repository development
and initiated upon start of the mitigation program. No work is currently
being undertaken in this area, but will begin in fiscal year 1981.

Table 1
SAMPLE PUBLIC INVOLVEMENT PROGRAM FOR SITING A RADIOACTIVE WASTE REPOSITORY*
OBJECTIVES
Representational
Input

Education/Information

Reaction/Feedback

Support-Building

Evaluation/Selection
of Alternatives

1.
2.
3.
4.

1. Local Meetings
2. Informal Gatherings
3. Public Hearings
4. Town Meetings

1. Advisory
Groups
2. Workshops
3. Review Boards
4. Citizen
Task Forces

1. Citizen Planning
1. Public Surveys
2. Nominal Group
2. Delphi
Processes
Process
3. Analysis of
Judgment
4. Intervenor Funding

Media Campaigns
Visitor Centers
Speakers Bureaus
Exhibits and
Displays
5. Brochures/Written
Materials

IMPLEMENTATION ACTIVITIES
1. Public Outreach
Activities
(No Feedback)

1. Initial Discussions
2. Face-to-Face
Meetings
3. Small Group
Meetings
4. Public Scoping
Meetings

1. Small Group
Meetings
2. ConsensusBuilding
(Preventive)

1. Consensus-Building 1. Public Out(Preventive and
reach
Remedial)
(Feedback)

* This table is provided only as an illustration of how the componenets of a public involvement
program are related; it is not intended to suggest the actual makeup of a public involvement
program for siting a radioactive waste repository.
SOURCE: Myhra, David M. and Wilson, William B. (1979). Public Involvement in the Siting of Radioactive
Waste Terminal Storage Repositories. McLean, Virginia: Teknekron Research, Inc. p. 4-5..

*•
w
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7. DEVELOPMENT OF A SOCIOECONOMIC PROGRAM PLAN
A major activity this fiscal year is to develop a socioeconomic program
plan. A series of socioeconomic issues workshop will be held to help
ensure that important socioeconomic components are included in the
plan. These workshops will be held in different parts of the country.
Workshop participants will include persons with a variety of backgrounds
and institutional affiliations. Output of these workshops will include:
t Enumeration of socioeconomic issues
• Prioritization of the issues, and
• Tentative timetable for issue resolution through
research and development effort.
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ENVIRONMENTAL ASSESSMENT AND MONITORING PROGRAM
FOR OCEAN THERMAL ENERGY CONVERSION (OTEC)
P. Hilde
Lawrence Berkeley Laboratory
University of California
Berkeley, CA 94720
ABSTRACT
Ecologically sound operations of projected Ocean Thermal Energy Conversion (OTEC) plants can be insured by careful attention to the marine environment during the design phase. This requies quality information from regions
of potential OTEC interest*
Currently, preliminary or actual surveys and
laboratory studies are being conducted in the waters of Puerto Rico, the Gulf
of Mexico, Hawaii, and Guam for potential moored OTEC plants and in the equatorial South Atlantic for proposed plant-ship operations to provide such
benchmark and baseline data. These data plus existing archival information
can be used to model effects of OTEC operations based on projected design
schemes.
Four major areas of concerns (1) redistribution of oceanic properties, (2) chemical pollution, (3) structural effects, and (4) socio- legaleconomic; and 11 key issues associated with OTEC deployment and operation have
been identified. In general, mitigating strategies can be used to alleviate
many deleterious environmental effects of operational problems as biostimulation, outgassing, etc.
Various research studies on toxiclty,
biocide
releases, etc., are under way or are planned to investigate areas'where no
clear mitigating strategy is available. A Master Plan listing procedures to be
followed to identify and evaluate potential concerns at any OTEC proposed site
is proposed for discussion and refinement in advance of any real OTEC test
operations.
As the OTEC program enters the hardware phase with the deployment of the•
one megawatt equivalent test platform (OTEC-1) in 1980, the environmental data
required for permitting and eventual design for commercialization is becoming
more extensive and more sophisticated. The programmatic environmental assessment was issued in early 1980 and the generic environmental assessment for the
next test platform (OTEC 10/40) will be completed by the summer of 1980 to be
available prior to contract award. One year's monitoring at benchtiark sites
in the Gulf of Mexico (Tampa and Mobile); Puerto Rico (Punta Tuna); Hawaii
(Kona Coast/OTEC-1); and at the grazing ship site (Equatorial South Atlantic)
have been completed. Archival studies have begun for Guam and a new benchmark
site (southwest Oahu) will be occupied in early 1980. Data from these sites
will be analyzed to be available to aid in site selection for future test
deployments.
PURPOSE

The goals of this paper are to present a logical strategy for the evaluation and eventual monitoring at Ocean Thermal Energy Conversion (OTEC) sites
or regions so that both the effects of an OTEC plant on the environment, and
the influence of the environment on OTEC operations can be assessed.
This should result

in

information

which

February 13, 1980

can

be

used

by

engineers,

418

designers, and planners to insure practical, safe, and efficient operations of
any OTEC plant and provide sufficient justification for operational permits
for OTEC plants from the involved regulatory agencies.
OTEC PROGRAM
Ocean Thermal Energy Conversion is a technology using the temperature
difference between warn surface and cold deep water to produce electric power
with a gas or steam turbine. An OTEC plant can be operated in either a
"closed" or "open" cycle. In the closed cycle configuration, warn surface
water heats an evaporator containing an appropriate working fluid, and the
vaporized working fluid drives a gas turbine. After passing through the turbine, the vapor is condensed by cold deep water and then returned to the evaporator for re-use (Fig. 1 ) . In the open cycle configuration, sea water is
used as the working fluid, warm surface water being brought to a boil in a
partially evacuated evaporator and the steam produced being used to drive the
turbine. Once again, cold deep water is drawn up to condense the steam after
passage through the turbine.
OPTIONS
At present there are three basic options proposed which use OTEC systems:
(1)

Moored/electric - the OTEC plant is attached to the bottom with a combined nooring/electrical transmission cable. The OTEC plant is used to
generate electricity which is connected to the power grid system via a
submarine transmission line.
In essence the OTEC plant is at a fixed
geographic location, so its effects would be a point source in the horizontal plane and a line source in the vertical plane. With the present
considerations of (1) 20 C temperature as the Uniting case for the commercial resource and (2) ocean engineering capabilities for size and
mooring of potential OTEC plants; the depth of water for operating the
moored electric OTEC plant is between 300 and 1500 M. Accordingly, the
distance off-shore for the location of any potential OTEC plants would be
a function of bathymetry or having the appropriate thermal resource in a
designated range of depths of water. As the plant is moored its operations would come under the jurisdiction of the nearest nation regardless
of the boundaries of any economic zone.

(2)

Grazing/Manufacturing - the OTEC plant is located on a floating maneuverable platform or ship. The OTEC plant is used to generate power which in
turn is used to manufacture a product such a hydrogen or ammonia from sea
water, or alunina or aluminum fron raw material brought to the ship. For
the grazing/nanufacturing option, the commercial product is not electricity but some goods exported via surface ships to markets. The plant with
its own F.otive power essentially grazes the thermal resource without
regard to bathymetry, except that the water depth must be greater than
the depth of the cold water pipe. Obviously, this opens up a much larger
area which can be used for OTEC. Hov;ever, it vastly increases the area
of potential concerns. With only a minimum depth limitation, the grazing
plant could operate either in the economic zone of near-by nations or
strictly in international waters.
The environmental impacts of an
operating OTEC grazing plant could be transferred by ocean currents into
neighboring economic zones even though the plant itself
was
in
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FIGURE 1
SCHEMATIC DIAGRAM OF CLOSED CYCLE OTEC POWER SYSTEM
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international
problens.
(3)

waters,

thus

potentially

causing complex jurisdictional

Seaside/electric or manufacturing - this type of itTKC plane is land-based
and the water is pumped to the generating plant either by pipelines alonp
the sea floor, tunnels, or is delivered to the site ns "waste" h e m
fron
a seaside power plant. Such a plant could generate power for the electrical grid or for manufacturing purposes as in the t^razinf option.
This
type of plant has the basic attributes of conventional seaside power
plants so it would have the same environmental concerns.
EMVI P.OMMENTAL CO?TCEP.NS

The four r.iajor classes of environmental concerns and the key
these classes associated with OTEC deployment and operation are:

issues

in

Redistribution of Oceanic Properties
Ocean water nixinf,
Impin".enent/entraininent
Clinatic/thernal
Chemical Pollution
Biocides
l.'orkin;:; fluid leaks
Corrosion
Structural Effects
Artificial reef
nesting/nitration
Socio-Lesal-Economic
T.'orker f.afety
Enviro-Maritirce law
Secondary economic impacts
The potential changes in the oceano^rnphic properties of sen water due to
OTI3C punpinf, operations are a najor environnent.il concern. V.ecausc lar;;e
amounts of cold, deep water and warn shallow water will be punned to the heat
exchangers, likely at some third depth; parameters such as temperature, salinity, density, dissolved oxygen, nutrients, carbonates, participates, etc.,
will be nodified
by nixing with ambient ocean water in the vicinity of the
eventual discharge. Discharges in the photic zone nay cause
Mostinulation
due to the increased nutrient contribution fron the deep waters, with potential changes in either the size, relative abundance or species composition
with respect to the resident marine population resulting in secondary effects
on the food web. Displacement of sea water also cocld have toxic effects on
anbient species by the introduction of trace chemical substances such as trace
petals, organic decay products, etc., fron other depths.
Certain species,
particularly
those
with
low
nobility,
will
be
harried
by
iijpin^enent/entrainnent in the pumping system either by contact with
the
screens and walls of the pipe-heat exchan?,er system or by the pressure and
teuperature changes encountered in transit of the system from intake to
discharge.
Surface discharges nay produce clir.iatic effects by alteration of
the air/surface water temperature ratio. Such an alteration, at sufficient
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scale such as in an OTEC park, could affect the nicroclinate by modification
of locally generated winds and currents.
Long-term operation of a large
nunber of OTF.C plants could result in reduced available heat due to the thermal extraction. Surface discharges also could enhance the release of CO, and
other gases dissolved in cold deep waters with potential clinatic effects for
large-scale operations. This is particularly true for open cycle systems
where gases, even normally dissolved in the surface ocean, r.mst be separated
from vaporized sea water so that gas bubbles do not impede plant efficiency.
Such gases will be vented into the atmosphere potentially modifying the local
microclimate as discussed above. However, subsurface discharges below the
surface nixed layer in the pynocline could nitigate all or most of the potential problems associated with surface discharges.
Chemical pollution could result as functions of various OTEC plant operations and maintenance procedures. Of najor concern are biocides proposed to
keep the system components clean of biological growth. There are alternative
ways (various mechanical systems) to clean heat exchanger systems, but these
may not clean surfaces to the extent necessary for efficient operation.
The
major problem with biocides is the levels of concentration needed to impede
biological growth in the system which unquestionably Yill affect organisms in
the vicinity of the discharge. Furthermore, if chlorine is used as a biocide
and annonia as a working fluid, accidental combinations of these chemicals can
produce compounds even more toxic to ambient organisms than the separate chemicals. Leaks of the working- fluid of a closed cycle system also will pollute
ambient ocean water. The effects and chemical fate of proposed working fl lid
leaks into sea water are not well understood. Ammonia, for example, is a
nutrient in proper amounts and could stimulate marine growth complicating the
biofouling problem. However, the excessive doses associated with a major leak
is toxic both to marine and human life. Chemical pollution also will be produced by the corrosive effect of sea water passing through the heat exchanger
system.
Corrosion would produce metallic ions, and scale particles which
could have direct toxic effects or long-tern effects through incorporation of
corrosion products into the particulate food supply of narine organisms
through the process of bioaccumulation.
The physical presence in the ocean of a structure the size of an OTEC
system itself has an impact on the ocean. The structure of whatever configuration will become an attractive habitat for a wide range of organisms based
on experience from artificial reefs. The long-term effects of the structure
on the environment will depend on the types, size, and abundance of the organisms attracted to or attached to the structure and this will modify the local
population. Regional effects on populations might occur by either interference with, or modification of, nesting habits or migration pathways.
The first three major classes of concerns chiefly dealt with impacts on
marine life.
However, there are human consequences of OTEC operations which
are grouped here as socio-legal-economic issues. Worker safety is of prime
concern regulated by the Occupational Health and Safety Administration (OS?!A)
and the Coast Guard for strictly marine occupational concerns. Potential work
hazards are the chemicals used or produced by the OTEC system such as amnonia,
chlorine, foul weather during marine operations, collision, and systems
accidents.
Because of the novelty of OTEC operations, standard safety procedures will be augmented by procedures unique to OTEC. The siting of OTEC
facilities either in international waters or where the downstream effects of
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OTEC operations night intrude Into International waters, will raise the Issues
of international rights and responsibilities beyond those treated by conventional maritime law and treaties. At present, the lav? of the sea is in a
state of flux so that the resolution of potential international issues may be
complicated and time consuming. Probably nultilateral agreenents or treaties
among concerned parties, as is done for fishing rights, may be the interim
solution of potential legal problems which nay irtpede OTEC operations.
Finally, the construction and operations of an OTEC facility may affect existing social and institutional structures. New jobs will be created and shorebased "boontown" growth may occur with its associated impacts on housing, education, sanitation, etc. The electrical energy produced by OTEC plants nay be
transmitted to consumers either by A.C. or D.C. transmission lines. The cable
needed to transmit this power could have impacts on marine ecosystems at the
sea bed and at the shoreline. D.C. transmission will require two converter
facilities, one at sea and one on shore, causing land use problems.
If OTEC
systems are used to produce energy-intensive products, they will produce
air/water emissions typical of those produced in similar land-based industries.
The present and projected status of the resolution of these issues is
listed in Table 1. Detailed discussion of these issues is found in the 1978
Environmental Development Plan (EDP) for OTEC.
PRESENT AND PROJECTED MONITORING PROGRAM
The monitoring strategies are designed for shipboard operations, manned
platforms as well as instrumented buoys (Table 2 ) . This.program is to be
integrated with those proposed by OTEC groups for biofouling and corrosion,
and by NOAA for synoptic oceanographic parameters. An additional goal is to
develop a packaged monitoring program which can be mobilized rapidly to aid in
site selection for larger OTEC platforms (Tig. 2 ) . Data collection and monitoring strategies will be done in view of compliance with WEPA and EPA, Corps
of Engineers, Coast Guard, etc., regulations.
Specifically the program initiated pre-operational studies In four areas:
• Hawaii - one site near Keahole Point
• Puerto Rico - one site near Punta Tuna
• Gulf of Mexico - regional survey using two station locations:
(1) west of Tampa
(2) south of Biloxi
• South Atlantic - regional survey, 5-10°S, 20-30°U
and affected zone.
In the areas considered for the moored OTEC option - Hawaii, Gulf of Mexico, and Puerto Rico - a program has been initiated to take b "kground data
before placement of any operating OTEC system in these areas. This is
required to insure that baseline information is available to evaluate the
effects of OTEC on the ambient environment and to provide environmental data
useful in the design of the operating system. At this time, only attractive
thermal regions are known with any certainty. It is premature, therefore, to
pick exact sites for potential OTEC plants until knowledge of other important
environmental siting factors is obtained. Accordingly, for the initial studies each thermal region is divided into subreglons in which it is expected
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Table 1
ISSUES, REQUIRED RESEARCH, AND PROJECTS

REQUIRED RESEARCH

ISSUES

OCEAN WATER MIXING

IMPINGEMENT/ENTPAINMENT

CLIMATIC/THERMAL

Status of Projects
OMPLETED
CURRENT

PLANNED

•

Develop computer model to predict the impact of
OTEC operations on oceanographic characteristics

2

3

3

•

Establish baseline oceanographic data at potential
OTEC test sites

3

2

7

•

Characterize changes in oceanographic characteristics resulting from OTEC test operations

2

2

1

•

Determine impacts of oceanographic changes on
site-specific marine ecosystems

4

2

•

Search existing literature to determine extent of
impact at similar ocean water pumping operations.

2

1

•

Monitor impacts at OTEC testing sites and define
factors responsible for attraction of organisms

2

1

•

Develop computer models to predict impacts
of OTEC operation on micro- and macroclimate

2

2

1

•

Characterize site-specific climatic impacts
resulting from OTEC test module operations

1

2

1

•

Determine potential increase in levels of
atmospheric CO2 resulting from OTEC operations

•

Determine potential microclimate effects of
degassing during open cycle OTEC operations

1

J

—

Table 1 (continued)

REQUIRED RESEARCH

ISSUES

WORKER SAFETY

ENVIRO-MARITIME LAW

•

Develop worker safety programs for OTECo facilities
using input from land-based facilities using/
producing the same chemicals

1

1

•

Develop a warning system for OTEC facilities to
prevent collisions with other ocean vessels

1

1

•

Conduct survey of international law of the sea
applicable to OTEC operations; update biennially

•

Conduct in-depth study of potential legal/institutional issues involving the particular site(s)
chosen for OTEC operations

•

Assess the secondary impacts (e.g., land use,
air/water emissions, solid wastes) associated
with construction of OTEC plants

•

Assess the socioeconomic impacts of OTEC
development

•

Assess the ecological and secondary impacts of
electricity transmission

•

Survey existing literature to characterize
air/water emissions expected to be encountered
in the production of chemicals at OTEC plants;
develop applicable control technologies

1

1

1

1

1

1

1

1
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SECONDARY ECONOMIC
IMPACTS

Status of Proiects
COMPLETED
CURRENT
PLANNED

Table 1 (continued)

REQUIRED RESEARCH

ISSUES

BIOCIDES

WORKING FLUID LEAKS

CORROSION

ARTIFICIAL REEF
NESTING/MIGRATION

Status of Projects
COMPLETED
CURRENT
PLANNED

•

Survey existing literature to determine impacts
of biocides on marine species

2

1

•

Monitor, sample, and characterize biocide discharges during OTEC testing operations

2

1

•

Conduct laboratory tests to determine the effects
of varying levels of biocide use on marine ecosystems

2

1

•

Survey existing literature to characterize impacts
of various levels of potential working fluid leaks
on marine ecosystems

2

1

•

Monitor, sample, and characterize the extent of
working fluid leaks during OTEC operations

2

1

•

Survey existing literature to determine effects
on marine species of metallic element compounds
discharged from heat exchangers constructed of
various metals

2

1

•

During OTEC testing operations, monitor, sample,
and characterize metallic elements discharged
and dispersed into ambient ocean water, and
determine the impacts of these discharges on
indigenous marine species

1

2

•

Define factors responsible for attraction of
organisms

3

1

SATELLITE WITH
THERMAL SENSORS

FLY-BY WITH AIRCRAFT
INFRA BEO PHOTOGRAPHY
CONVENTIONAL PHOTOGRAPHY
THERMAL SCANNERS

METEOROLOGICAL TUWERWITH
ROTATING TV OR MOVIE
CAMERA
FAR FIELD SURVEY SHIP
CREW 3OAT BETWEEN SURVEYS

SHIP WARNING ANO FAR FIELD
INSTRUMENTED BUOY
UP AND DOWN STREAM DATA TELEMETERED
TO PLATFORM

HYDROCAST WINCH

NET TOW WINCH

NEUSTONTOW

ARTIFICIAL SUBSTRATES

SURFACE TOW

NET TOWS
PHYSICAL/CHEMICAL SAMPLING

.BUOYANCY TORSION
SUBSURFACE FLOAT

SIDE LOCKING SONAR

VERTICAL SONAR

] SCATTERING LAYER [

MID WATER TRAWL

MOVEABLE INSTRUMENT
PACKAGE
STD.TRANSMISSOMETER
LOWERING & RAISING AT SEA
FREQUENCY

0
EQUIPMENTWIRE
ARTIFICIAL SUBSTRATES
BIOFOULING EXPERIMENTS

HYOROLAST WIRE:
STD.TURBIDOMETER
VELOCIMETER
WATER SAMPLES
CAMERA

RAISED FOR PERIODIC
EXAMINATION

CURRENT
TEMPERATURE
MOORED
ARRAY

THERMISTOR CHAIN
ALONG PIPE

JlL

SEAFLOOR-

\\U/

XBL 804-9189

Table 2
PROPOSED ECOLOGICAL MONITORING STRATEGIES

Time Schedule
STEP I

PRE-OTEC site occupation studies; background sampling of
significant ecological and chemical parameters in conjunction with a literature review to define pre-operational
environmental conditions.
Sampling from survey ships or from fixed moorings
Sampling frequency bi-monthly initially for one year, further
sampling frequency to be determined by experience

Initiated FY 78 in Hawaii,
Puerto Rico, Gulf of Mexico,
South Atlantic (contractor
operated, LBL monitored)

STEP II

Non-interference with Platform Operations
No permanent work space on platform
Sampling equipment self-contained and transported to and from
site
Sampling frequency a function of operations schedule
All analyses done on beach

Initiated FY 80 Platform
First deployment OTEC-1

STEP III

Limited interference with platform operations
Limited permanent work space on platform
Sampling equipment and some analytical equipment on site
Most analyses done on beach

Plan FY 79
RFP late FY 79
Operational FY 80
(Contractor operated, LBL
monitored)

STEP IV

Limited interference with platform operations
(Craae operations, etc.)
Permanent work space in container/vans
Power/water from platform but with backup systems

Plan FY 80
(Experience from Phase I and
II)
RFP FY 81 for

additional OTEC-1 deployments

Table 2
(continued)
Time Schedule
STEP IV
(continued)

Operations Van (sensor packages on buoy)

Operational FY 81

A. Wet Lab - sample preparation - gross equipment repairs
B. Dry Lab I - instruments/analyses/electronic repairs
C. Dry Lab II - data reduction/storage/remote monitors

(first unit)
Additional units as required

Storage Van (not applicable to buoy)
A. Wet Storage - nets, over the side gear
B. Dry Storage - equipment, paper
C. Sample Storage - refrigerator
Real time operations with rotating permanent technicians
Essentially all analyses and data processing done on site
Is}
00

429

that the basic environmental conditions relating to OTEC are spatially homogeneous, although likely to vary seasonally. To characterize each subrep,i°n a
reconnaissance benchmark is located. A benchmark is defined as a specific
location, typical of a subregion, where serial data are taken and to which
historical data may be referred. Because of the lack of serial, long tern
records of any kind in attractive thermal regions, we believe that the benchnark approach is more valuable in the long term than initiating broad regional
surveys where variations in measurements nay be attributed to site as well as
time variability. Where substantial subregional variability is found, the
benchmarks will be used as starting points for potential regional surveys.
The intent of taking measurements at benchmarks is to provide data, at a
specific location, which will forn the basis, in conjunction with previously
obtained data fron the area, for defining longer tern and more comprehensive
environmental surveys required for the siting and permitting of OTEC plants in
the designated thermal regions.
Station operations at the reconnaissance
benchmark sites are given in Tables 3 and 4. In addition to this station
operation at each benchmark, a current meter array is deployed to complement
current profiler runs during station operations. Satellite data, when available, is used to assist the interpretation of data fron the arrays.
because
of costs and reliability factors, measurenents for the initial surveys is
mainly from survey ships rather than fron instrumented buoys. The survey ship
occupies each benchmark site bi-monthly for a minimum of three days with augmented sampling every four months. Sampling at each station occupation is
designed to give, at a minimum, day-night variations as well as bi-monthly
variations for the biologically significant parameters.
Parameters sampled
bi-monthly are thought to have variations which may be detected at that frequency. Parameters sampled every four months are thought:
(1) to have less varation annually; or
(2) to have potential but unresolved significance to OTEC.
The augmented sampling every four months is also done to develop optimal measurement and sampling techniques for parameters which may become routine during
future site occupations. Upon completion of the initial study (actually, during the surveys) the sampling frequencies and choice of parameters will be
re-examined. Results from augmented samplings, from serial samplings and historical data reviews will be used to design subsequent site data collections.
MASTER PLA1I - OUTLINE OF CRITICAL PATH
Given a candidate site or region, the following gives a proposed outline
of the ideal progression of steps to be taken in the evaluation of the
environmental concerns for that site or region. It is assumed that the primary selection of sites is a policy function of OTEC headquarters. The procedures presented here are designed to be applicable to any candidate site or
region to insure the quality and uniformity of information with respect to
scope and
kind
available
to
regulatory
agencies,
policy
makers,
engineers/designers, concerned citizens groups, etc. However, we realize that
each site or region is to sone degree unique with its own characteristics not
found elsewhere. Accordingly, the suggestions here are to be considered only
as a minimum; with any site or region specific information is to be included
where applicable.
PHASi; 1 - Pre Co-Ahead Decision
•

LITi;i:ATlJrr SURVEY AIID OTHER PREVIOUS '..'OP.K
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Table 3

STATION OPERATION
PROFILER

VERTICAL PROFILES OF HORIZONTAL CURRENTS

HYDROCAST

DISCRETE SAMPLES AT DEPTH OF:
A. Temperature
B. Salinity
C. Dissolved Oxygen
D. Nutrients
E.

Phytoplankton

STD

VERTICAL PROFILES OF SALINITY, TEMPERATURE

NET TOWS
XBT

BIOLOGICAL SAMPLES
VERTICAL PROFILES OF TEMPERATURE TO 750 M

CURRENT METER ARRAYS

DISCRETE MEASUREMENTS OF HORIZONTAL WATER
CURRENTS AT DEPTH

TRANSMISSOMETER

VERTICAL PROFILES OF LIGHT TRANSMITTANCE
CLASS OF STATIONS

PRIMARY
Occupied in locations of prime OTEC
interest - sampling frequency to
ascertain diurnal changes

3-DAY DURATION
2 Deep Hydrocasts
2 Shallow Hydrocasts
2 Oblique Net Tows
4 Current Profilers
12 XBT
4 STD

CURRENT PROFILER
Occupied to determine spatial
variability of current regime

2-1/2 HOUR DURATION
1 Current Profile
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Table 4

ECOLOGICAL/CHEMICAL PARAMETERS
INITIAL ONE-YEAR BENCHMARK PROGRAM

PARAMETER

STATION
OPERATION

STATION
FREQUENCY *

SAMPLING
FREQUENCY *

Temperature

hydrocast

bi-monthly

all hydrocasts

J c..,perature

STD.XBT

bi-monthly

4 STD, 12 XBT

Salinity

hydrocast

bi-monthly

all hydrocasts

Salinity

STD

bi-monthly

4 STD

Water Currents

current meter

continuous

one per 30 minutes

profiler

bi-monthly

4

Light transmittance

transmissometer

bi-monthly

2 traces per cruise

Dissolved Oxygen

hydrocast

bi-monthly

2 casts

Orthophosphate

hydrocast

bi-monthly

2 casts

Total Phosphate

hydrocast

every 4 months

2 casts

Silicate

hydrocast

bi-monthly

2 casts

Nitrate

hydrocast

bi-monthly

2 casts

Ammonia

hydrocast

every 4 months

2 casts

Urea

hydrocast

every 4 months

2 casts

Total Nitrogen

hydrocast

every 4 months

2 casts

Alkalinity

hydrocast

yearly

2 casts

Trace Metals

hydrocast

yearly

1 cast

Chlorophyll/Phaeophytin

hydrocast

bi-monthly

2 shallow casts

ATP

hydrocast

every 4 months

2 shallow casts

Phytoplankton census

hydrocast

bi-monthly

1 shallow cast

ryurocast

every 4 months

1 cast

POC

hydrocast

yearly

1 cast

DOC

hydrocast

yearly

1 cast

Zooplankton census

net tow

bi-monthly

6 tows

1 1

C^

uptake

*May change based on experience at individual site for long-term monitoring program.
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Published and unpublished literature, pertinent to the selected site or
region, will be compiled and searched for data of potential interest to OTEC.
Experts in the area will be identified.
Agencies, institutions, schools,
etc.,
with data bases, collections, etc., will be identified and contacted
with the availability of their information ascertained.
• ORGANIZATION INTO A STANDARD FORMA?
All data obtained from Step I will be collated and displayed on a uniforr
base.
This includes base maps of appropriate scale, uniform graphics and
tabular material where appropriate. Such material and non-standard nacerial
such as photographies, keys to collections, etc., will be compiled into source
volumes for the candidate area or region.
• COMPARISON 1'ITH ACCEPTABILITY i.'ATT.IX
Infomation in the source volunes will be scrutinized parat.ieter by parameter
with respect to its validity, accuracy, and precision so generalities will be
dratm from data of sinilar quality.

•

CONSTRUCTION OF ADEQUACY HATUIX

Data of comparable quality will be examined as a function of quantity of neasurenent, frequency and tine history of sampling by a panel of experts to
determine for each critical area whether sufficient data exists for a prelininary decision on the acceptability of the site or region. In this step data
yaps will be identified.
• PRELIMINARY DECISION
On site/reyion as a candidate for OTEC operations. Options: a) definite n o —
overriding negative f.ictors; b) Qualified V.o— negative factors present which
may be mitigated by design strategics; c) Aribi.quous-- potential negative factors or conflicting data which cannot be resolved by information to date; <1)
'.'eutral; e) Qualified Y e s — positive factors with afibirjuoiis imknoims.

•

POLICY DECISION

Yes/Ho on continuation of consideration of site/region as candidate
operations. If yes - proceerl.

for

OTFC

: r.iA/i:iAS FOU SITE/PECION
Based on the current level of technological development of OTKC.
Begin
filling the lef>il requirements for eventual pemittinp of the site.

ful-

PHASE II - T>re-Oppration.nl

• DESIGN CORRECTION STRATEGIES
Based on the adequacy natrix design a neasurencnt and assessment program which
eventually will provide infornation to reduce the level of uncertainty about
site/region.
• DESIGN SERIAL Pr.E-PLA!iT '.'.OillTOr.INC STUATECIES
In conjunction with correction strategies, design a rnoasurenent and assessment
program which will ausnent existing or be^in serial data collections required
to provide sufficient background infornation to access inpact of any future
0T1X operations at the site.
•

INITIATE OUC YEAR PILOT PROCP.A1!
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At site to ascertain environmental variability. As it is unlikely that sufficient data exists on annual and seasonal variability at any given site, the
initial sampling frequencies nust be estimated for most parameters.
The
intent of this program is to sample at high enough frequencies to justify the
choices used in the long-term monitoring program. This program also will be
used to test new or improved methods of sampling and to verify the utility of
other parameters to access the environmental concerns.
• DESIGN L011G-TF.RH MONITORING/ASSESSMENT PROGRAM
As a result of the previous work and the one-year variability study, develop a
long-range nonitoring/assessment program which will lead to compliance with
requirements and facilitate production of the appropriate EIA/EIS.
• DESICH LONG-TERM MOMTORINC/ASSESSMENT PROGRAM FOR OTEC PLANT
This program is a companion to the one above except that it is designed to be
operated from the actula plant. The primary purpose of this program is to
monitor the intakes and outputs of the plant as well as the near-plant
environmental conditions.
• POLICY DECISION
Request OTEC operations at site/region.
• OBTAIN COMMENCEMENT PERMITS
Submit final EIA/EIS for action by appropriate regulatory group.
AFTERWORD
As the initial OTEC test module GTEC-1 is not on station (projected for
summer of 1980), it is too early to determine if the environmental strategies
advocated here need to be augmented or modified greatly.
Unquestionably
strong interactions among environmental groups, regulatory agencies, designers
and engineers, and DOE will be required to insure the success of the OTEC
environmental program in attaining the goal of ecological conp-atability and
economical viability for OTEC systems.
To insure continuity among stated DOE program positions and interim
reports of this nature, portions of existing documents such as the OTEC Program Summary (1976 and 1977) and the OTEC Environmental Development Plan (1977
and 1978) have been quoted here exactly or with minor modifications.

BIBLIOGRAPHY
OTEC General Documents:
Ocean Thernal Energy Conversion (OTEC) Power Plant Technical and Economical
Feaaibilitv. 2 volumes, Lockheed Missiles and Space Co., Inc. April 1975.
Ocean Thermal Energy Conversion. 5 Volumes, TRW Systems Group. June 1975.
Dugger, G.L. Maritime and Construction Aspects of OTF.C Plant-Ships.
Johns
Hopkins University, Applied Physics Laboratory, Laurel, MD 20810 April 1976.
Detailed Report. (APL/JHU-SR-76-1B).

February 13, 1980

434

Program Surinary: Ocean Thernal Energy Conversion (OTEC). Energy P.esearch and
Development Administration, Division of Solar Energy. ERDA 76-142, October
1976.
Environmental Development Plan for Ocean Thermal Energy Conversion. Department
of Energy. DOE/EDP-0034, August 1979. Available from NTIS.
FY77 Program Summary« Ocean Thermal Energy Conversion (OTEC) Program. Department of Energy, Division of Solar Technology. DOE/ET-0021/1, January 1978.
Solar Program Assessment;
Environmental Factors - Ocean Thernal Energy
Conversion. Energy P.esearch and Development Administration, Division of Solar
Energy, Environmental and Resource Assessments Branch.
ERDA 77-47/8, !!arch
1977.

OTEC Annual Conferences:
Lavi, A. (ed.) Proceedings. Solar Sea Power Plant Conference and Workshop.
Carnegie-Helion University, Pittsburgh, PA 15213. June 1973, 287 pp. (PB228066)(UTIS, $6.75).
Harrenstein, Howard (ed.) Second Ocean
September 26-28, 1974.

Thermal

Energy

Conversion

Uorkshop.

Dugger, C.L. (ed.) Proceedings. Third Workshop on Ocean Thernal Energy Conversion (OTEC). Houston, Texas. May 8-10, 1975, August, 1975. Third Workshop on
OTEC, Houston, Texas, sponsored by the Applied Physics Laboratory, Johns Hopkins University.
loup, Ceorge E. (ed.) Proceedings. Fourth Annual Conference on
sity of New Orleans, New Orleans, LA. March 22-24, 1977.

OTEC.

Univer-

Veziroglu, T.N. (ed.) Proceedings. Fifth Annual Conference on OTEC. University
of Miami, Miami, Florida. February 20-22, 1978.

OTEC Topical Workshops:
Legal. Political, and Institutional Aspects <)f OTEC.
International Law Uorkshop, January 15-16, 1976.

American

Society

of

Lewis, L. and R. McCluney (eds.) Proceedings: OTEC Resource and Environmental
Assessment Workshop. Florida Solar Energy Center, Cape Canaveral, FL. June
22-28, 1977.
Molinari, R.L., J. Sandusky and P. Wilde. OTEC Oceanographic Data Reports.
Proceedings of OTEC Data Users Workshop. February 23, 1978, lliami, Florida.
National Oceanographic and Atmospheric
Administration/Lawrence
Berkeley
Laboratory. August 1978.
Gray, R. (ed). Proceedings: OTEC Biofoulina and Corrosion Symposium.
tle, Washington. Battelle Northwest (in press). October 10-12, 1977.

February 13, 1980

Seat-

435

OTEC Conpliancc Documents:

Environmental Development Plan (EDP) 1977.
U.S. Department of Enerjjyy. March 1978..

Ocean Thernal

Energy

Conversion.

Environmental Development Plan (EDP) 1978.
U.S. Department of Energy*

Ocean Thermal

Energy

Conversion.

Sands, M.D., and others Environmental Impact Assessnent Ocean Thermal Energy
Conversion (OTEC).. Preoperational Test Platform, Departnent of Energy, Divison of Solar Technology. October 1978.
Slnay-Friedman, L., and others Supplement to the Draft Environmental Impact
Assessment; Ocean Thermal Energy Conversion (OTEC), Preoperational Ocean Test
Platforn. Two Volumes, TRW Defense and Space Systems Group. April 1979. Contract #55-00601.
Sands, H.D. (1980). Draft OTEC Pronrarcnatic Environmental Assessment.
Product report for subcontract 4501010 between Interstate Electronics Corporation
and the University of California, Lawrence Berkeley Laboratory.

February 13, 1980

436

ASSESSMENT AND CONTROL OF OTEC
ENVIRONMENTAL IMPACTS: PHYSICAL ASPECTS
J. D. Ditmars, 0. L. McKown, R. A. Paddock, and D. P. Wang
Argonne National Laboratory

Paper not submitted for publication in Proceedings

437

CONSEQUENCES OF NATURAL UPWELLING IN
OLIGOTROPHIC MARINE ECOSYSTEMS
John J. Walsh
Oceanographic Sciences Division
Brookhaven National Laboratory
Upton, New York 11973
The potential exists for future commercial development and
deployment of Ocean Thermal Energy Conversion (OTEC) plants to
generate electricity in the sub-tropical regions of the world
ocean. The concept of pumping deep cold water to the warm surface of the sub-tropical ocean, thence using the temperature differential to condense and vaporize a working fluid, in order to
turn turbines generating electrical power is not a new idea
(d'Arsonval, 1881; Claude, 1930). Over 50 years ago, Georges
Claude built a pilot plant in Cuba (Othmer and Roels, 1973), but
commercialization did not occur. Continuing societal needs for
increasing amounts of energy and for alternatives to consumption
of fossil fuel now suggest that OTEC may be a possible power
source for populations located in the sub-tropics, i.e. Hawaii,
Puerto Rico, and along the Gulf of Mexico. The potential environmental impacts of such power plants in the form of biocides, entrainmen t, and thermal shock can be somewhat approximated by
analogy to results from research conducted on coastal power
plants. The effects of artificial upwelling by OTEC plants are
relatively unknown, however, because none of the proposed largescale OTEC structures are operational and little research has
been conducted on the consequences of natural upwelling within
oligotrophic marine ecosystems.
Small organisms characterize tropical oligotrophic (nutrient poor) ocean environments, where the annual temperature variation is less than 5°C and small food particles are most efficiently removed by small feeders (Sheldon et al, 1973). The
large zooplankton are usually omnivores or predators as part of
a long food chain which depend on the availability of the smaller
zooplankton. These small phyto- and zooplankton and the high
temperatures imply short life times, i.e. rapid turnover. Furthermore, most of these organisms cannot store energy as compared
to animals from temperate zones, suggesting that food supply has
to be virtually continuous for the survival of most tropical zooplankton. The rates of life processes and element cycling
(McCarthy and Goldman, 1979) are very rapid compared to vertical
loss rates by sinking. This means that the ecosystem is very
nearly "closed" and in a ste'ady state of production balanced by
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consumption., with the small primary production driven by recycling of nitrogen from excretion of zooplankton and fish.
In contrast, coastal ecosystems yield 99% of the global fish
catch because of their high primary production and relatively
short food chains. Seasonal wind mixing and tidal stirring are
able to reach decomposing organic matter on the shelf bottom
(<200 m depth), with consequent rapid return of nutrients to the
euphotic zone. In contrast, the permanent pycnocline of the deep
ocean inhibits fast return of nutrients to the water column, except for seasonal overturn (Menzel and Ryther, I960; 1961), and
tidal mixing is negligible such that the open ocean usually has
a daily primary production (0.1-0.5 g C m""* day"1) which is over
an order of magnitude less than that (1-10 g C m~^ day~^) of shelf
waters (Walsh, 1976). In some shelf areas, the annual production
is also higher than other coastal regions as a result of additional input of nutrients from upwelling of water induced by
favorable winds throughout the year.
Wind events are an important source of habitat variability
on the continental shelf in contrast to the open ocean (Walsh,
1976; Beardsley et al., 1976) and are responsible for both the
generation of currents and for vertical overturn of the water
column by seasonal mixing. Because of the north-south alignment of the North American continent, for example, a southerly
wind tends to favor offshore surface flow as a result of the
Coriolis force acting upon the wind-accelerated fluid off the
east coast of the United States (i.e. to the right in the northern hemisphere) in contrast to the same phenomenon induced by
a northerly wind on the west coast. Nutrient rich, cold subsurface water then moves onshore and upwells at the coast to replace the warmer, nutrient impoverished surface water transported offshore by these winds favorable to upwelling (Walsh,
1975) . Coastal upwelling is a boundary process and most of the
water is upwelled within a zone only 10-20 km from the coast,
with offshore secondary cross—shelf flows set up as a function
of the shelf width (Walsh, 1977). Most of the major coastal
upwelling areas are located on the west coasts of the continents, eg. associated with eastern boundary currents off OregonCalifornia, Peru-Chile, Northwest Africa and Southwest Africa,
with the exception of the monsoon-induced upwelling ecosystem
found off the Somali Coast.
Differences in terminal yield of fish and in offshore nutrient gradients within these eastern boundary currents can be
related to both the seasonal variability of upwelling (Walsh,
1976) and effects of bottom topography. Greater intermittency

439

of wind stress and lower potential yield (Walsh, 1972) of these
systems are both associated with increasing latitude. The estimated annual primary production also declines with latitude from
as much as ca. 1,000 g C m~ 2 yr" 1 off Peru (15°S) and ca. 600.
off Baja California (27°N) to ca. 200 off Oregon (45°N), reflecting differences in the seasonal duration of light and upwelling within those regions. The range in observed daily production at about the same latitude and at the same time of year
between the Pacific (ca. 4-6 g C m"2 day" 1 at 27°N) and the
Atlantic (ca. 1-2 g C m~ 2 day" 1 at 22°N) coastal upwelling ecosystems instead reflects shelf width.
As a result of upwelling and/or vertical mixing induced by
the equatorial undercurrents, high nutrients (~10 ug-at NO3 -t,"1)
are also found in surface water along the equator in the deep
Pacific (Walsh, 1976) and the Atlantic (Voituriez and Herbland,
1979) oceans. In fact, the horizontal nutrient gradient from
10 to 0.5 ug-at NO3 -t"1, north of the Pacific equatorial divergence, is at least an order of magnitude wider than that of the
coastal upwelling areas. The wide northward extent of the equatorial nutrient gradient appears to be a persistent feature,
analogous in origin to a spreading from a line source as far
west as 119°W (Love, 1974), 140°W (Sverdrup et al., 1942), and
160°W (Cromwell, 1953; Reid, 1965), despite abundant light and a
trans-Pacific trend of lower nutrients within the euphotic zone
as one approaches the western boundary (Gueredrat, 1971).
Light and nutrients thus appear to be sufficient for phytoplankton growth in the equatorial divergences but the upwelled
nutrients are not removed in these natural upwelling systems of
offshore, oligotrophic waters. Notwithstanding suggestions of
growth inhibition in this region through lack of available
chelators (Barber and Ryther, 1969), the assimilation index (mg
C(mg Chi a ) " 1 h " 1 ) , an estimate of potential growth of phytoplankton, in the equatorial divergence (Barber and Ryther, 1969)
appears similar to that usuually found for organisms in both
coastal upwelling systems (Barber et al., 1971; Walsh et al.,
1974; Estrada, 1974) and oligotrophic gyres (Thomas, 1970a;
Eppley et al., 1973). There is some argument as to whether chelators, eg. ED'JA, are required by phytoplankton to 1) detoxify
upwelled water by removing trace metals or 2) make available
essential trace metals for growth.
However, nitrogen enrichment experiments have been performed
on phytoplankton from in_ situ oligotrophic water in the California Current (Eppley et al., 1971) and near the equatorial
divergence (Thomas, 1970b), which both gave about the same maxi-
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mal algal division rate of 0.7-1.5 doublings day~l, i.e. similar
to those of the rich Peru and Baja California upwelling systems
(Walsh, 1975; Walsh et al., 1974). Yet, a seasonal input of
nitrate to surface waters of the Atlantic equatorial divergence
leads to little change in primary production of the euphotic
zone (Voituriez and Herbland, 1979). Analysis of variance of
integrated primary production with latitude in the EASTROPAC
observations (Owen and Zeitzschel, 1970) showed no significant
difference in productivity along this zonal gradient of nutrients across the Pacific equatorial divergence as well.
Deep water has also been artificially upwelled from 870 m
off St. Croix to provide nutrients for continuous outdoor cultures of diatoms (Malone et al., 1975). In this case, a mixture
of EDTA-trace metal-vitamin supplement was added to the upwelled
water, no zooplankton were initially present in the growth tanks,
and a phytoplankton innoculum was introduced at the beginning of
each experiment. Under conditions of presumably little trace
metal toxicity, small grazing stress, and a coastal phytoplankton
species rather than an oceanic community of microalgae, the nitrate content of the artificially upwelled water was depleted
after 1-2 days of phytoplankton growth. These experimental results suggest that artificial upwelling can lead to eutrophication, if the surface community is displaced from the equilibrium
conditions of an oligotrophic ecosystem towards the transient
conditions of the coastal upwelling ecosystem (Walsh, 1976).
There thus appears to be an anomaly of natural offshore
ecosystems with relatively high nutrients, high light, perhaps
no intrinsic differences in potential growth among the dominant
phytoplankton, and yet with evidently low phytoplankton utilization of the nutrients within oceanic upwelling areas, i.e.
wider observed horizontal nutrient gradients, despite the presumably lower physical input of nutrients in these upwelling
areas compared to the coastal systems (Walsh, 1976). Differential importance of herbivory in these ecosystems may explain
the contrast in horizontal nutrient gradients .among the types
of pelagic systems, for the loss rate of a phytoplankton population may also set its growth rate.
The central biotic provinces of the oceans have been characterized as high diversity systems (Timonin, 1971) with little
temporal variability of the low zooplankton standing crop of
small organisms (McGowan, 1974), while the eastern boundary currents appear to have zooplankton populations of low diversity,
high standing crop, large size and high variability (Longhurst,
1967; Wickett, 1967). The phytoplankton-herbivore interactions
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may thus be quantitatively different in the nearshore coastal
upwelling areas from that of the gyres and offshore divergences,
with perhaps more cropping of phytoplankton by herbivores offshore. The relative short term constancy, or seasonal predictability, of the slowly varying physical forcing functions
within the offshore habitats may thus have allowed the herbivores to evolve evolutionary strategies such as seasonal migration in high latitudes to anticipate phytoplankton blooms
(McAllister et al., 1960, Voronina, 1972) and speciation in low
latitudes to biologically expand the number of niches in a relatively stable physical habitat with a wide diversity of herbivores to graze all size classes of phytoplankton (Sheldon et al.,
1973).
The high nitrate contents of the open North Pacific ocean
(Anderson and Munson, 1972) and the outer Bering Sea shelf
(Coachman and Walsh, 1980) are attributed to efficient grazing
by copepods with an ontogenetic migration that occurs before the
bloom in contrast to shelf grazers whose cohorts develop after
the spring bloom. Similarly in oceanic waters off Peru, the
studies of the EASTROPAC program (Love and Allen, 1971-1975)
indicate that: (1) within August surface waters there are as
much as 18 to 20 ug-at NO3 V*- as far as 170 km offshore; (2)
there are still 14 to 16 ng-at NOo t~^~ in November at the same
distance offshore, and (3) only 2 to 4 (ig-at NO3 l~^- within this
offshore area in February. Such a seasonal increase in the nutrient content of offshore Peruvian waters presents an apparent
paradox because of the lack of utilization of these nutrients by
phytoplnnkton similar to the gradient of unused nutrients across
the equatorial and Antarctic divergences (Walsh, 1976).
During August 1976, chlorophyll concentrations less than
1 ng chl a i~l were found offshore where as much as 7 to 8
iag-at NO3 l~*- were encountered. The occurrence of patches of
blue water and high nutrient concentrations off Peru has been
attributed to heavy grazing pressure (Strickland, Eppley and
DeMendiola, 1969; Ryther, Menzel, Hulburt, Lorenzen and Corwin,
1971). Based on measurements of zooplankton excretion and biomass (Walsh et al., 1979) the estimated ingestion flux of all
size classes of zooplankton amounted to 0.60 g C m~ 2 day"-'-, or
69% of the August 1976 offshore primary production (0.87 g C m~ 2
day~l) , in contrast to an ingestion flux of 1.05 g C m~ 2 day"-'-,
or 32% of the nearshore Peru production (3.22 g C m" 2 day ) .
One commercial Ocean Thermal Energy Conversion (OTEC) plant
of 400 MWe capacity, about half that of the Three Mile Island
nuclear plant, might have a sea water flow-through of ~2.8 x 10
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m 3 day" (Lockheed, 1975). Assuming an equal mixture of cold
water from 1000 m and warm water from 0-30 m, nutrient rich
source water (~30 mg-at NO3 m~ ) would be artificially upwelled
at a rate of ~1.4 x 1 0 8 m 3 day" 1 or ~.14 km 3 day" 1 , if this
nitrate flux of 4.2 x 10^ mg-at N 0 3 day" 1 were discharged by the
OTEC plant over a 11 km" area of all of the upper 200 m of an
ocean ecosystem, a daily nitrogen addition of ~2 |jg-at NO3 *.
day" would occur. The mean nitrate concentration of the upper
200 m of oligotrophic ocean water is now about 2 ]jg-at NO, -t"1
(Walsh, 1974). At the same time, the surface temperature of the
water in the 11 km^ around the OTEC plant would be lowered by
~1.28°C (Bathen, 1975).
In contrast, within a baroclinic radius of deformation,
~11 km off Peru, the nearshore upwelled input of nitrate into
a 20 m surface Ekman layer can be estimated by the equation,
SNO3
w(dN0 3 )
•
="=
where w is the upwelling velocity (10 m day" 1 ) ,
ot
oZ
o) is the nitrate gradient between 15 and 25 m (5 iag-at NO3
, and 3 z is 10 m (Walsh, 1975) . This nitrate input of ~5
|jg-at NO3 A" 1 day" is associated with a surface temperature
(~16°C) at the Peru coast which is about 3CC less than offshore
waters (~19°C). Thus, the nutrient input and surface temperature decline from 2.5 OTEC plants within a 11 km 2 area might be
equivalent to that of a similar area off Peru, the world's most
productive coastal upwelling region (Walsh, 1974). However, the
nearshore Peru upwelling zone consists of ~1 x 1 0 4 km 2 and 2,500
OTEC plants of 400 MWe capacity would be required to support a
similar pelagic clupeid fishery; furthermore, the OTEC plants
may enrich offshore ecosystems not coastal areas.
The nutrient input of the OTEC plants may be confined, however, to depths of 150-200 m, i.e. below the permanent pycnocline. For the OTEC plants to be efficient, the temperature
gradient between surface and deep water has to be utilized at a
maximum. This implies that recirculation of mixed water (surface and deep water) i.e. reentering of mixed discharge back
into plant intake, must not be allowed, since a decrease of 1°C
in the thermal gradient would result in a loss of the net power
output of the OTEC plant by about 10%. Thus, a plant designed
for a thermal gradient of 20°C would lose as much as 20-25% of
its net power output if the thermal gradient were to be lowered
to 18°C (Allender et al., 1978). For this reason, current OTEC
research is emphasizing plants with combined discharge at a depth
of about 150 to 200 m, and this design will be used for OTEC-1
and subsequent test platforms.

443

The temperature-salinity characteristics of surface and
deep seawater of the tropical oceans are such that the discharge
of mixed seawater is likely to remain at the depth of discharge,
between 150 and 200 m. This is shown by sigma-t values estimated from the vertical distribution of temperature and salinity
(Defant, 1961) for areas of the Gulf of Mexico and the Caribbean
Sea. The combined surface-deep water output would remain around
the depth of density equalization, below 150 m for the Gulf of
Mexico and below 200 m for the Caribbean Sea. Allender et al.
(1968) estimated this depth to be 216 m for the area south of
Puerto Rico.
Since the depth of the mixed layer for a typical tropical
ocean is less than 100 m, OTEC nutrient enrichment to most of
the euphotic zone would then be limited by vertical diffusion
(about 10~ 4 m 2 / s ) , i.e. certainly much less than what is estimated above. This implies that OTEC plants, rather than being
a source of upwelling, might act as a source of downwelling by
sinking below the euphotic zone significant fractions of the
surface zooplankton community, thereby decreasing the ambient
grazing stress of the offshore oligotrophic ecosystems. If all
of the OTEC nutrient supply is not being used (because cf quasicontinuous grazing pressure), introduction of a time lag (i.e.
removal of the grazers) might result in increased nutrient utilization, higher primary productivity, and perhaps higher terminal yield of ambient fish populations. There has been much
discussion of the fragility of tropical terrestrial ecosystems
in response to human perturbations (Ferri, 1974), however. It
is possible that tropical oceanic ecosystems, with their relatively low nutrient input and low frequency of variability,
may not have the resilience (Holling, 1973) to respond to such
perturbations of the plankton communities, for these organisms
are not usually subject to the same high frequency fluctuations
as those of the eastern boundary currents.

A comparative analysis of marine ecosystems in coastal and
offshore divergences, suggests that natural experiments have

already been performed, on an evolutionary scale, along gradients of the factors controlling nutrient utilization in the
sea. The importance of any one factor such as nutrient limitation or herbivory depends on the spatial and temporal scales
of habitat variability characterizing the ecosystem. Further
evaluation of OTEC environmental consequences will thus have to
await information on the rate processes of the plankton communities at prospective sites. Appropriate time series now need
to be taken with respect to the life cycle of the important organisms of the oligotrophic ecosystem.
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I.

INTRODUCTION

The concept of utilizing the sun to provide heat, power and light
on earth takes many forms. One of the most difficult attends to the providing of electrical power as a public service. T<tiile not generally receiving widespread publicity, the generation of electricity by solar means
has been going on for several years in France. This paper concerns an
American project in this field, a 10 MW Central Receiver Solar Thermal Power
Plant (Pilot Plant) being constructed in the Mojave Desert and some human
safety concerns associated with it.
The Pilot Plant appears as sketched in Figure 1. It has a tower
rising some 300 ft., the top 45 ft. of which consists of a steam generator,
called a receiver. Basically, this consists of 24 heat exchanger panels,
blackened on the outside, upon which the sun's rays are concentrated. Inside the network of tubes in each panel, water is converted to superheated,
high pressure steam.
To provide the heat necessary for the purpose, the receiver is surrounded by a field of 1818 heliostats, each containing 430 sq.ft. of solar
reflecting mirrors. The heliostats track the sun to keep each mirror beam
on the receiver, regardless of time or season.
The principal purpose of this report is to describe the magnitude of
the safety problems arising from concentrated reflected solar energy and define solutions for controlling potential hazards.
To evaluate the hazard potential, studies were initiated to establish
the solar exposure that can injure specific parts of the human body, particularly the retina of the eye. The objective was to specify a maximum permissible exposure (MPE), a level that is safe for human beings. Another series
of analyses was to evaluate the evolving heliostat designs to determine the
irradiance levels produced in a single heliostat and with multiple heliostat
modes. For this purpose the methods developed in Reference (i) were adopted.
The defining equations are presented in the Appendix along with related subjects. Finally, operational procedures were evolved for each required heliostat movement that will provide levels of safety for personnel and equipment
that fall below the specified MPE.
Highlights of each of these analytical tasks are presented in the following sections.
2.

EYE EXPOSURE CRITERIA

The matter of the tolerance of the human eye to solar exposure is now
to be addressed. The literature is replete with studies and experimentation
on this subject. The material to be presented herein is simply an adaptation
of the accomplished studies for application to Pilot Plant operation.
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Hazards will be restricted largely to the retina of the eye. There
will, however, be some discussion of hazards to cornea, lens, and skin. A.
sketch of the human eye is shown in Figure 2 for reference. The transmission of the several parts of the eye vary with the wavelength of the energy.
The lens of the eye is a strong absorber of (and thus does not transmit)
energies less than 400 nanometers (nm) which is known as ultraviolet radiation. The cornea is a strong absorber of infrared energy (wavelengths greater
than 1400 nm). Therefore, the damage from ultraviolet light occurs mainly in
the lens. The effect of long term exposure to infrared radiation in inducing crystalline lens pathology is not known but is suspect. Visible and near
infrared light (400 to 1400 nm), however, is transmitted by the other parts
of the eye to the retina. Therefore, if damage is to occur from sudden brief
exposure to concentrated sunlight, it can be most expected to occur in the
retina. An action spectrum of the eye, due to Reference (a) is presented as
Figure 3.
Three factors affect retinal temperature—retinal irradiation, image
size and exposure time. As to the latter, an exposure time of 0.15 seconds
is of most interest as this matches the eye's blink time and the reflexive
response of the total body to sudden brightness. However, exposure times as
long as ten seconds will be considered.
The interrelationship between exposure time, irradiance and exposed
retinal area is shown in Figures 4 and 5. In Figure 4, the curve due to
Reference (b) shows that a 20°C rise in temperature of the retinal pigmented
epithelium will burn the retina. From Reference (c), an exposure that raises
the retinal temperature 5°C produced no observable damage and was considered
safe. The safe exposure criterion was given as 1 cal/cm2 incident on a retinal area of 100//m diameter for a duration of 0.1 second. The equivalent
power density is 41.9 watts/cm2, a level marked on Figure 4. This is in fact
the criterion by which Maximum Permissible Exposure (MFE) standards were developed for the Pilot Plant for intermittent exposure, Figure 6.
The curve due to Reference (f) in Figure 5 is due to experimentation
with continuous laser irradiation. The analytical results of this experiment
indicates that a temperature rise of only 10°C will cause retinal burr.. All
other curves are 10 second exposure curves and are well above the MPTi. The
continuous radiation curve, however, lies below the MPE for small image diameters. In addition, the margin of safety is small at the larger retinal
image sizes. To bring the overall exposure criterion to a comfortable safe
level for continuous exposure, a level of 0.1 watt/cm2 has been established.
Reference (g) deals extensively with this subject and Figure 6 is adapted
from this cited work.
3. SKIN AND CORNEA CRITERIA
It has been found (Reference h) that skin and corneal irradiance of
only 0.02 to 0.03 w/cm2 added to the direct solar irradiance of 0.1 w/cm2 can
be uncomfortable. Levels of solar irradiance from reflected sunlight above
this value can cause skin burns. As shown in Figure 7, the exposure to a one
sun level (~0.1 w/cm 2 ) will produce a first degree burn only after a long
exposure, subject, of course, to human skin variations. Large levels of
solar irradiance, approaching 10 to 100 sun levels are required to produce
skin burns in a very short time.
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A criteria for a Maximum Permissible Exposure (MPE) for skin (or
corneal) exposure was not found in any of the researched literature. It is,
therefore, proposed that a factor of ten safety margin be established between the threshold burn level and the MPE. This results In the lower curve
of Figure 7. This gives an MPE of about 1.8 w/cm2 (-18 suns) at 1 second,
well below the point where pain would occur, a factor of 10 below when a burn
will occur (18 w/cm 2 ). These levels are admittedly highly conservative on
the basis of daily human experience. In addition, the blink reflex is certain to protect the cornea at exposure levels much higher than the skin MPE
assumed.
4. HELIOSTAT ENERGY
It is now necessary to relate the exposure criteria to Pilot Plant
conditions. The methodology used are derived primarily from Reference (1).
Basic equations are presented in the Appendix. The results of this rather
extensive analysis is shown in Figure 8. It assumed that an observer 16
standing at the focus of a hellostat and looking back at the heliostat. The
absorbed radiation and the image size are plotted for a real and perfect
heliostat, assuming Gaussian optics for the eye. Both points lie below the
MPE line.
The situation of a person standing at the Intersection of two beams
is less clear. If the beams are separated enough that two image patches
occur it is uncertain whether the effects are additive. No data has been uncovered to indicate that the thermal effects in this case will be anything
but Independent. Nevertheless, field personnel will be required to use optically suitable absorption lenses. The providing of a type of Kerr cell head
gear is also being considered for technicians who are to work In the tower at
levels just below the receiver.

5. OPERATIONAL PROCEDURES
As a starting point, it was necessary to reduce the potential safety
problems by designing a single heliostat so that a reflected beam is safe at
all times. This situation allows movement of a single heliostat for maintenance, checkout or testing at any time without restrictions. It also provides
for a non-dangerous situation when a failure of the heliostat control system
causes uncontrolled beam movements. That this has been accomplished is demonstrated by Figure 8. Only movement or operation by multiple heliostats
would then require operational procedures and restrictions such as excluding
all personnel from the collector field during operations, requiring the use
of dark or photo-chromatic eye protective glasses and the construction of a
solid high fence around the Inner circle of the heliostat field. These
restrictions increase maintenance cost, reduce normal and required access to
the site and allow only nighttime access to certain portions of the plant.
Obviously, the application of these steps are to be minimized.
The operational procedures and restrictions on the movement of multiple heliostats must be designed to assure that a safe situation exists at
ground level and at any other point where personnel may be present including
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the inner circle of the site, the receiver/tower, the roadway to the inner
circle and the area above the heliostat. The procedures will only allow
multiple reflected beams to concentrate in the airspace directly above the
heliostat field and for a short distance beyond the limits of the field.
Again, if a safe level cannot be assured in any area where personnel may be
present, then the operational restrictions discussed above (personnel areas,
glasses, solid fences, etc.,) must be applied.
6.

MULTIPLE BEAM HAZARDS

The normal operating mode of the Pilot Plant is to bring the heliostats to their operating positions prior to sunrise and to stow them after
sunset. However, there will exist situations when it will be necessary to
accomplish these maneuvers during ounlight hours. In this event, it is clear
that raising and lowering some 1800 large solar concentrators cannot be done
haphazardly. Even with the conservative criteria adopted, the concentration
of relatively few heliostat beams can be harmful. A system has been worked
out for this event called "walking the wire", Figure 9. The technique involves pointing the beam reflected from groups of heliostats to selected
points, each point of which is now the bottom of an imaginary wire. The
groups of heliostats are programmed to move the concentration of beams along
the imaginary wire to a standby point near the receiver from which the beams
are ultimately shifted to the receiver itself. It should be clear that no
personnel must be allowed near the ground points at the start of a wire walk.
One of the concerns during the raising and lowering process is the
airspace above the heliostat field. The altitude at which multiple reflected
beams are safe has been determined using the methods of Reference (i). The
results of this analysis are shown in Figure 10. The results, however, are
believed to be conservative. Data from actual flights through the concentrated
focal points of a number of beams are reported in Reference (j). The aircraft irvolved flew in much closer than the optical analysis would allow. No
problems with glare recovery was reported by the human experimenters, let
alone damage to skin or eyes.
The conservatism in the optical analysis arises from several points
including:
1)

Perfect mirror performance was assumed. As aerial photographs
show, only one or two mirror facets from each heliostat shine
brightly at each view angle. At the altitudes considered slight
misalignments take mirrors out of the field of view.

2)

No atmospheric attenuation or scattering losses were assumed.

3) No reflection from windscreens were assumed.
4)

It was assumed that all heliostats would be visible from the
vantage point. This could be partially true for a stationery
object but even slight platform movements result in only part of
the field being visible at a time.

In addition, it mutt be remembered that the MPE itself is a conservative criterion. Despite this conservatism, it is believed that the computed
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safety zone is consistent with normal constraints for overflight altitudes
for manmade structures. Liaison with the FAA is being maintained on this
matter.
7. OBSERVATION WINDOWS AND PROTECTIVE EYEWEAR
As a model for future solar thermal generating facilities, the Pilot
Plant control room is expected to receive many visitors. Suitable observation windows are to be provided. The plant control room personnel also need
to observe the heliostat field not only during power generation periods but
also during raising and stow of the heliostat mirrors and even during wash
cycles. The windows that allow this must provide an adequate level of protection in the event of a heliostat control system failure and to sustain a
comfort level against glare caused by direct and scattered sunlight.
For observation windows, the application of photochromic materials is
being pursued. The basic window pane configuration is shown in Figure 11.
It is a lamination consisting of 0.060 in. Corning Glass #8102, polyvinyl
butyral (thickness to be determined) and a back lamina of plate glass. Either
the plate glass or the polyvinyl butyral may be tinted green to improve
absorption of infrared radiation. The #8102 glass is currently available in
2x3 ft. panes. Its spectral transmission is shown in Figure 12.
A green tint is being considered for two reasons. On one hand it reduces the overall transmission, which provides an extra measure of protection
to operators and visitors. Additionally, its reduction of transmission in
the infrared reduces the anxiety quotient concerning the cataractogenic capabilities of short wavelength infrared. While it is widely believed that short
infrared is conducive to cataract formation, it is difficult to cite supporting clinical data. Nevertheless, the tinting of the observation window should
remove cataract formation as an issue.
One of the issues concerning the use of photochromic glass is the
speed at which the transmission changes. It takes about 30 minutes to fully
darken although the greatest amount occurs in the first 5 minutes. It fakes much
lunger to fully lighten although it is considerably cleared in the first hour.
In operation, the photochromic glass will begin to darken at first
light. At nightfall, the transmission should improve to the point where night
operations in illuminated parts of the field are observable from the control
room.
Thus it is anticipated that the photochromic glass will prove satisfactory. The need for visitors to put on safety eyewear or for plant personnel
to raise and lower absorptive screens is avoided. The materials are not so
well suited for field workers, especially those who must on occasion work for
short times inside the tower. The unfortunate occurrence of a heliostat control failure just at the moment the worker comes out is a hazard not -rorth
risking even though the probability of such event is low. For field workers
80 percent absorbing neutral density eyewear is being recommended. For tower
personnel, the practicability of electro-active polarizing glasses is being
considered.
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APPENDIX
Analytical Methods Being Used For Beam Safety Studies
A.

Formulations

(From Reference i )

1. Distance (X,,-) at which a given number of coincident beams drop
below the
retinal MPE

N &fj »
Dn *

Number of coincident beams
Field density
Total beam divergence angle
Equivalent heliostat diameter

n

b " focal length
2.

Distance, X g , at which a number of heliostats will produce a given
intensity:

H
p m Mirror reflectivity
I • Intensity, suns
3. Distance, X,,
a where two adjacent beams no longer overlap:
D -S
x

d

D.

s

S " Spacing between heliostats
Z •= Distance of heliostat to standby point
4.

Solar irradiance at a point in a heliostat beam:

I » Irradiance, suns
X = Distance from heliostat

467

5.

Retinal irradiance, EL:

Q
Vy
p
d
f
B.

= Direct solar insolation
= Fraction of Q between 400 and 1400 nm
= Ocular transmittance
= Pupil diameter
= Focal length of eye

Eye Models

There are a number of reasons why eye models are useful. The interaction
of solar irridiant power and eye structures is a particularly complex physicobiological phenomenon that involves not only the quantification and tracing of
radiant energy through an eye and the degree that various tissues will or will
not absorb in given spectral regions. It also involves tissue reaction to the
incident radiation and the resulting defensive responses of an organism as a
whole to what may be harmful. Thus, for example, it can be observed that
there is an extension of pigment granules to shield photo-sensitive retinal
elements under high light conditions and a subsequent retraction under low
light.
The point being made that while it is useful to estimate damage on the
basis of matching physics and quasi-physical representations of the eye to experimental results the prediction of eye damage in a specified environment
must ultimately include the "non-linear" responses that occur including pupillary response, refractive status, physiological nystagmus, and subliminal long
time exposure on visual function and integrity. To begin such ambitious studies, a plausible eye model is required.
Although many eye models are extant, The Aerospace Corporation has been in
the process of developing its own. The purpose of the modelling, as blocked
out in Figure 13, is to minimize if not eliminate the possibility of eye damage
to personnel in or near the site.
One of the topics of interest from the Aerospace model is a graphical representation of a retinal image. Assuming Gaussian optics, the dimensions of
the retinal image may be determined by:

d = die meter of image
f = focal length of the eye
D u = diameter of a heliostat mirror
n
b = focal length of the heliostat
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This is a purely geometrical representation. Using the Aerospace
model, a retinal distribution very much like Figure 14 is obtained. In the
Figure the spread due to geometrical aberrations and diffraction am observed. The colored points correspond to the imaging characteristics- of
blue, yellow and infrared radiation. Physiological nystagmus promises to
spread the image even further. To speculate on the meaning of this analysis,
it would seem that for a single point the retinal irradiant flux is less than
our criteria allows. On the other hand, the tolerance for multiple beam irradiance may be less and the specifications may need tightening. This work
is continuing. Figure 13 shows the full scope of the program when complete.
The double-barred blocks are yet to be accomplished.
C.

Cloud Models

Cloud measurements have been initiated by The Aerospan- (\>iporation at the
Pilot Plant site. After 15 months of experimentation, five different computer model scenarios have been developed for the Barstow area. Reference (k).
These scenarios will be used to determine the pattern on receiver outlet
conditions, to determine the size of the field and in the development of plant
control and operating conditions for cloudy days. Even in the Mohave Desert
cloudy days exist to some degree 40 percent of the time. These models are
also to be applied for estimating the total ambient lighting on the field.
The total illumination will thus include direct solar insolation, sunlight
scattered from hellostats, receiver, clouds and desert floor and the self
emitted radiation of the receiver. The potential effect of total ambient
lighting on glare recovery is to be evaluated.
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Abstract
The environmental effects of thermal energy storage (TES) subsystems
in solar thermal power systems are examined. Studies performed characterize material releases and other potentially adverse impacts. Particular emphasis is placed on events affecting worker health and safety.
Generic TES failure events are considered by an event tree
methodology. Categories of initiating events identified include pipe
and vessel failure, thermal and mechanical stress, fires, and external
events. Relevant materials toxicology is reviewed.
Specific near- and medium-term TES designs are reviewed, and
three selected for independent analysis: the organic oil/rock sensible
heat TES design for Solar 1; an NaN03/Na0H latent heat TES subsystem;
and an SO2/SO3 thermochemical energy TES design. Fluid release and
flammability hazards in the oil/rock TES design are assessed. The
effects of component failures, including ullage and maintenance units,
and of operating procedures, are considered in view of design capabilities. The NaP^NaOH TES design requires the use of complex
scraped-wall heat exchangers. Failure of this or other mechanical
components presents the principal off-normal route to release of the
TES medium. In the S02/S0JJ system, release of fluids presents a
significant environmental hazard. Events which may lead to release
include catalyst deactivation or mechanical equipment failure. The
dynamics of failure events are found to be governed both by the solar
receiver and recuperator thermal characteristics. Design variations,
such as increased recuperator efficiency, are found to have significant and negative effects on the maintenance of system integrity
during off-normal events.
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INTRODUCTION
The use of solar thermal power systems (STPS) for the generation of electricity may develop within the next decade into a practical and economic energy
source. No technology can be presumed to be free of potential hazards, and this
must be assumed to apply to STPS. The potential hazards may include ecological
effects and impact on affected populations, including workers.
The economic benefit of STPS may be enhanced if the solar energy supply and
electric energy production cycles are decoupled. One of several means of doing
so is incorporating a thermal energy storage (TES) subsystem in STHS. A small
TES subsystem might serve as a buffer between the solar receiver and the conversion subsystem. This is useful in the event of rapid transients, such as cloud
cover. With greater storage capacity, TES would allow nighttime plant operation
or even operation during extended periods of cloudiness.
While TES is not limited to STPS, it does have substantial application in
solar power. The TES system may be a unique worker health and safety hazard
associated with STPS. To assess the nature and level of this hazard, generic and
design-specific hazards have been identified by a fault and event tree methodology.
The designs selected for analysis are near- or medium-term TES subsystems.
TECHNICAL BASIS OF TES SUBSYSTEMS
There are three principal types of TES subsystems: sensible heat, in which
energy is stored by raising the temperature of the storage medium; latent heat,
in which energy is stored as the heat of a phase transition, usually fusion, of
the storage medium; and thermochemical, in which energy is stored through a
reversible chemical reaction.
Sensible heat storage and discharge occurs with a cyclic temperature variation of the storage medium, which may be either a solid, a liquid, or both.
Storage may be in separate hot and cold tanks, or in a single stratified tank.
Working temperatures for a particular medium are limited by phase transitions,
vapor pressures, corrosion reactions, and material instabilities. The TES
storage medium may be heated either directly or indirectly by the solar receiver.
In the latter case, heat transfer equipment must be provided between receiver and
TES fluid loops.
Reviews of TES designs and technical bases are available elsewhere.(l"V\
Candidate latent heat/systems
include water,
inorganic and organic
oils,1 '
l 7
K
w
mixed media oil/rock, ° molten salts, °~'' and liquid m e t a l s . The 10 MWe
pilot plant at Barstow, California, Solar One, will have a TES system which can
store about four hours thermal input using a mixed media bed of rock, silica
sand, and Caloria HT 43
Latent heat storage systems utilize an isothermal, or nearly so, phase
transformation. They may be more economical than/sensible systems due to their
smaller storage volume and material requirements/ ' Latent heat systems may be
operated as hybrid sensible/latent mode by heating the medium substantially
beyond its melting point during the thermal charging process. Heat extraction
can be at a nearly constant temperature.
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Although experience with latent heat materials for thermal storage is
limited, the research in molten salt chemistry, high-temperature battery programs,
and the molten salt nuclear reactor provide relevant experience. Many materials
can be considered for application in latent heat TES systems. Over a thousand
inorganic^compounds have been compiled which could be considered for thermal
storage. ' Combinations ot these compounds to form eutectics greatly expands
the candidate compounds.
latent heat 1ES systems currently in the preliminary design or/assessment
staoe inUu^lf sodium fluorides, nitrites, nitrates, and hydroxides, " ' lithium
hydride, ' and germanium sulfide. ' Many of them pose potential environmental
which in-ist t>e evaluated before use, including chemical stability and
toxic it.y.
The third approach to thermal energy storage is through the use of reversible chemical reactions. Thermochemical TES systems employ an endothermic
reaction for storage ami the reverse exothermic reaction for discharging. The
energy stored per unit mass and volume can be about a factor of ten greater than
in latent heat systems. Further, energy may be delivered and recovered at a
constant temperature, while long-term storage at ambient temperature is possible.
However, thermochemical technologies are the least developed of the thermal
energy storage systems, and considerable time, money, and effort will be required
to develop tiie comiiiercia? potential of thermochemical energy storage systems.
Even in mature form, thermochemical systems will probably be more complex than
sensible and latent heat systems, incorporating as they must aspects both of a
thermal storage device and a chemical processing plant.
various reactions have been proposed as the basis of thermochemical storage,
and some small lab-scale experiments have been conducted,,Detailed studies of
possible reactions for TES systems have been compiled. " ' Somfl^representative vexothermic processes include hydraiion of inorganic oxides/ ' methanation.
metal hydride formation, " ' and sulfur dioxide oxidation. Intrinsic
hazards may exist in all of these systems, including toxicity, flammability, and
other release hazards.
SCOPE OF HAZARDS IN TEST SUBSYSTEMS
Ihe source of worker nazards in STPS may be intrinsic to the choices of
components For example, the release of TES working fluids may lead to consequences of environmental concern. These consequences include health effects
resulting from worker exposure, ecological damage on biota, and secondary release
or damage to other subsystems. To mitigate against these consequences, the
causes of off-normal mlease of TES fluid into the environment have been examined.
fl generic description of TES fluid releases can identify the overall hazards
associated with the TES subsystems cited above. It is also possible to develop
categories of initiating events useful in specific subsystem analyses. However,
the specific design and operating characteristics of sensible, latent, and
thermochemical TES subsystems do differ considerably. For this reason, representative FFS systems were evaluated, based on available designs and data which have
near- or medium-term prospects for STPS application.
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EVENT TREE DELINEATION OF GENERIC TES SUBSYSTEM HAZARDS
The construction of appropriate event trees is among the most powerful tools
for the delineation of the various causative events which leads to a particular
unJesired consequence. Figure 1 is such an event tree for various generic
phenomena leading to normal fluid release from a TES subsystem. Central to the
event tree are the interactions which can occur between the TES subsystem and
other subsystems, including the receiver and power generation subsystems with
which it interchanges heat. Consideration is also given to self-generated
events in the TES subsystem. The diagram contains the pathways leading from a
variety of initiating events to the external release of TES fluid.
The external release of TES fluid can occur as either the direct or indirect
result of some set of circumstances. Events which lead directly or through an
event sequence to the release of TES fluid are defined as initiating events.
These initiating events may e partitioned into several classes. The first class,
denoted as Type I, are those in which a material design limit of some subsystem
component is exceeded. For example, the temperature or pressure rating of a
vessel might be exceeded, leading to vessel failure anr1 fluid release. A second
class of initiating events, denoted as Type II, consists of off-normal events
generally outside the scope of specific design requirements of TES construction
methods or materials. This type of initiating event occurs with uncertain
frequency and may be large and disruptive in magnitude. These events include
normal and off-normal maintenance, and events initiated by other STPS subsystems.
The last class of initiating events, Type III, are those which result from use of
substandard materials, failure to maintain operation standards in TES subsystem
construction, or from other inappropriate actions taken in normal or of^-normal
TES operation and maintenance. In Type III events, design requirements have been
determined but not implemented.
Type I events which can cause design capability to be exceeded include:
Seismic events - where ground acceleration is greater than maximum
design strength
Sabotage - due to deliberate tampering with valves, controls, or other
equipment
Fire - temperature stress resulting from combustion of reactants
external to TES fluid containers
TES f l u i d overheating - due to fires or internal chemical reactions

from mixing of noncompatible fluids
Corrosion - due to external TES mechanism: failure, overheating, or
internal chemical reactions.
These events can lead directly to an activating mechanism, such as stresses which
exceed the mechanical/structural, pressure, or temperature limitations of a
construction material. The delineation of these Type I initiating events tacitly
assumes that it is uneconomic, infeasible, or unwarranted to design the system to
withstand these initiating events. For example, some level of seismic stress
will be within the design limits of the plant. It is likely that this design
level can be exceeded no matter how high it is set, leading to a Type I initiatinc
event.

Hech/Struct, Pressure,
Thermal Stresses

Mixing of NonCompatible Fluids

Figure

Event Tree for TES Fluid Release
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The Type II initiating events include:
Other STPS subsystem failures (e.g., turbine, boiler, or collector
failure)
Off-normal events external to the TES system (e.g., aircraft accident)
External or internal TES mechanism failure - leading to failure may be
direct or indirect communication with the thermal energy storage media
(e.g., scrapers, reprocessors, catalysts).
The distinction between Types I and II initiating events stems from the existence
of specific design standards relevant to Type I events. Thus, Type I events have
probabilities of occurrence directly subject to TES subsystem design standards.
These second types of initiating events, with the exception of sabotage, lead
directly to other activating mechanisms. Other STPS component failures and
external events can lead to the creation of missiles, which can penetrate the
structural vessels and pipes containing TES fluid. In addition, TES mechanism
failures and routine operating and maintenance procedures may lead to system
disassembly, which in turn may permit fluid to be released.
The last type of initiating events are those which result from incorrect or
negligent actions taken during normal or off-normal TES subsystem operations.
These events may include operation and maintenance errors and improper system
operation.
Several scenarios may be useful to illustrate the relationships between the
events and the pathways proposed. A Type III, operation/maintenance error may
result in direct release of TES fluid, producing an iruiediate hazard to workers.
An indirect (internal) release may lead to mixing of noncompatible fluids (e.g.,
heated oil and air, concentrated acids and water) which creates an internal
chemical reaction. This internal release may lead to a Type I initiating event
such as a fire. In turn, a container or pipe may be stressed beyond its thermal
design limits, producing an external release. Likewise, fire may cause overheating of TES fluids (thermal stress) which may produce corrosion (material
stress), and both events can lead to external or internal fluid releases.
Internal fluid release may lead to additional events; if the pressure of the TES
fluid is less than that of other fluids, then further pressure stress may occur,
causing the container and pipes to fail. If the pressure for the TES fluid is
greater, it may escape and create other system failures (a Type II initiating
event). For example, if a dense TES fluid were to egress into the turbine
working fluid and reach the turbine blades, the turbine could fail, possibly
generating irissiles. In turn, this could lead to additional fluid release.
In another example, an external fluid reprocessing units or internal contrivances such as heat exchanger scrapers or catalysts may fail, and lead to
unscheduled maintenance, a Type II initiating event. In this situation, handling
could initiate a direct release. If the fluids reach the autoignition or flashpoint, a fire could occur, leading to off-normal fluid release. This fire may be
a Type I initiating event, leading to other possible hazards.
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DESIGN-SPECIFIC HAZARDS IN TES SUBSYSTEMS
Figure 1 presents pathways and events which lead to potential worker hazards.
It is recognized that other events and pathways may exist, but at this time
whether such pathways are generic to TES subsystems cannot be ascertained. The
nature and probability of occurrence of these pathways should be determined in
future studies. To ascertain some of these pathways, three specific systems have
been selected for further study. These are: (1) an organic oil-mixed media
sensible heat TES subsystem, (2) a two-component nitrate/hydroxide molten salt
latent heat TES subsystem, and (3) a sulfate thermochemical energy TES subsystem.
Each is well documented and, within its category, a relatively near-term option.
SAFETY CONSIDERATIONS OF AN OIL/ROCK MIXED
MEDIA SENSIBLE HEAT TES SYSTEM
A sensible heat thermal energy storage (TES) system for use in a solar
thermaK electric power plant has been designed by Rocketdyne for use in Solar
One.^ ' Figure 2 is a schematic of this TES subsystem. Sensible heat storage
is effected in a dual liquid and solid media tank by using a moving thermocline.
Caloria HT43 , crushed granite, and course silica sand were chosen as the most
applicable and cost effective mixed medium. The TES subsystem as designed has an
extractable storage capacity of 103.8 MWt-h, which provides 7.5 MWt-h for a
turbine hot start and 86.3 MWt-h for the generation of 7 MWe net (7.8 MWe gross)
for 3 hours following turbine startup. The charging rate range is 1.5 to 30 MWt,
and the maximum allowable heat loss starting in a fully charged condition is 3%
of extractable capacity in 24 hours. The design storage temperatures are 302 C
(575°F) maximum end 219°C (425;T) minimum, with allowable degradation of TES
fluid temperature of 8.3°C (15 F) during extraction.KCi>
The TES subsystem is divided into nine components:
1)
2)
3)
4)
5)
6)
7)
8)
9)

Thermal storage unit (TSU): a tank which stores and dispenses
thermal energy via the Caloria HT43 heat-transfer fluid
Ullage maintenance unit (UMU): provides an inert nitrogen gas
cover over the fluid surface in the tank
Fluid maintenance unit (FMU): removes impurities from the fluid
Desuperheater (DSH): limits incoming steam temperature
Thermal storage heater: transfers heat from steam to oil
Thermal charging loop: comprises the charging fluid pump and
associated equipment
Steam generator: transfers heat from the oil to generate steam
for the power plant
Extraction loop: comprises the extraction fluid pump and associated equipment
Controls and instrumentation: provides operational control for
the subsystem.
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IDENTIFICATION OF FLUID RELEASE MODES
Examination of the sensible heat TES subsystem described above reveals that
failure of any one of several units can lead directly to fluid release. The
thermal storage, heat exchanger, fluid maintenance, ullage maintenance, and
desuperheater units have direct pathways to fluid release via one or more component failure mechanisms. Personnel can also become exposed to TES fluids or
cause fluid release during the maintenance operations on the TSU, FMU, and UMU.
There will, therefore, be a routine exposure hazard if maintenance is attempted,
particularly while the subsystem is hot. The fact that ignition temperatures are
exceeded during normal operation indicates that fire can occur, potentially
initiating further fluid release.
Several pathways of fluid release are shown in Figure 3. A desuperheater nr
fluid maintenance unit failure could give rise to an increase in oil temperature.
The oil could exceed the auto-ignition temperature, causing fire if sufficient
oxygen were present. The increase in il temperature would also cause an increase
in thermal cracking rate, requiring venting of the gas produced. A similar
situation can occur during the charging cycle if the ullage maintenance unit
fails. During charging, the gas displaced by the expanding oil must be vented.
On subsequent discharge of the TSU, the oil volume will decrease aid a UMU failure
might allow air into the ullage space. Thereafter a fire hazard could exist,
since the oil which is above the flash point during normal operation is exposed
to air. The hazard of fluid release can occur wherever and whenever oxygen and
hot oil come in contact; this contact can be due to design limits being exceeded,
off-nomal conditions, operator error, or other factors.
Other failure modes can be envisioned, although the likelihood of any or all
of these cannot be assessed in the absence of a detailed design. Some operating
issues remain to be elucidated, such as operating procedure during failure of
devices such as the fluid maintenance unit. Coupling to other subsystems may
also occur, such as oil flow failures during the discharge cycle, permitting
liquid water to reach the steam turbines.
An inspection process has been suggested to reduce the probability of
serious problems from developing. Routine operating precautions are appropriate
for this unit. Since maintenance and operational personnel will be in the TES
operating area protective garments and eye cover are needed. Exclusion zones
should be properly labeled, and maintenance should be performed only in those
areas which have cooled down well below possible burn hazard limits. Design
documents include these recommendations and suggests that containment areas and
barriers be constructed to restrict to a minimum the area of exposure during a
major fluid release. In addition, fire extinguishing equipment should be readily
available due to the potential flammability of the TES fluid.
SAFETY CONSIDERATIONS OF A SODIUM NITRATE/SODIUM
HYDROXIDE LATENT HEAT TES SYSTEM
A TES..system utilizing 99 wt % NaN0 3 and 1 wt % NaOH has been developed by
Honeywelr ' and appears to be among the most favored of the latent heat systems
for near- or medium-term application. Since its documentation is relatively
complete, the Honeywell design was selected for this safety evaluation.
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As developed by Honeywell, the TES subsystem for a 10-MWe STPS pilot plant
provides for a 345 MWt-h storage capacity. The performance of the subsystem is
specified as 7 MWe for 6 h, with steam supply at 6.5 mPa and 307 C on discharge.
In the storage concept proposed as the baseline design, the NaN03/Na0H
mixture undergoes a sol id/liquid phase change as the thermal energy storage
material. The medium may also be heated above the homogeneous melt temperature,
thus performing as a hybrid sensible/latent heat system. For the thermal storage
(charging) cycle, the latent heat of condensing steam inside a bundle of tubes is
transferred to the salt outside the tubes; on discharging, heat is transferred
from the freezing salts surrounding circular tubes to water circulated through
tubes. The crystallized salt is removed from the outside of the tubes by mechanical scrapers. The configuration of the pilot plant design is given in Figure 4.
The systems can be partitioned into units as follows:
1)
2)
3)

Thermal Storage Unit (TSU) - tank containing the salt material,
vaporizer and condenser modules, and vaporizer scraper.
Steam Generating System - Consists of the vaporizer, steam drum
separator, pump, controls, valves, and piping.
Steam Condensing System - Consists of a condenser module, desuperheater, and steam trap, with control valves and piping.

Figure 5 presents the fluid release pathways identified for this latent heat
subsystem. Principal initiating events include scraper and condenser failures.
As shown in this figure, there are three major pathways leading to fluid release.
The first two event sequences proposed may be initiated by a failure in the
scraper system. The scraper system is the least technically developed component
of the storage system. If the scraper failure does not rupture the vaporizer
apparatus, the storage unit can be shut down, and the unit removed and repaired
or replaced. A nominal amount of fluid may be released due to handling. If the
scraper penetrates the vaporizer, however, ingress of water or steam into the
salt mixture can occur.
Escape of water or steam into the salt mixture may also be possible if
rupture of the condenser, initiated by a unit failure (e.g., pipe corrosion, pipe
fatigue), occurs. Any water ingressing into the salt mixture will rapidly flash
to steam due to the decrease in the pressure and high temperature of the molten
salt. Salt material may be entrained with escaping gas, giving rise to a fluid
release. To control possible discharges, Honeywell proposes to restrain the
movable main cover vents. A personnel and equipment exclusion zone would be
required to minimize the potential hazard during venting. It appears that water
or steam ingress into the salt is not explosive, and poses minimal worker hazard
other than from contact with hot fluid. The salt apparently will not react with
the water vapor and should readily return to its anhydrous state.
The third event sequence occurs when the condenser fails. Since the condenser is at the bottom of the tank, the salt may have to be removed to another
tank if damage occurs to the condenser guide structure. Potential release
hazards may be caused by transfer of the hot salt as well as contact hazard with
fluids at or above 30(rC. It should be possible to effect such a transfer with
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acceptable safety hazard to personnel, assuming that appropriate precautions are
observed. Potential problems of freezing and plugging may lead to additional
worker hazards.
The measures suggestedgby Honeywell^ ' may be adequate in general to prevent
serious damage or injury/ ' including proper orientation made of rotating
shafts, scraper drives, and other devices to avoid spraying molten salt from the
tank, and provision of protective clothing and face shields. The salt is oxidizing and can cause fires in combustible materials. This, equipment which can
come into direct contact with the molten salt must be nonflammable or and exclusion zone should be established.
SAFETY CONSIDERATIONS OF AN S0 2 /S0 3 THERMOCHEMICAL TES SYSTEM
Thermochemical energy storage is being examined as another means by which
heat energy from a high-temperature STPS may be stored. The thermochemical
storage technique, although in a conceptual state, presents several advantages
over other types of TES subsystems. These advantages include greater energy
storage densities, increased fluid transportability, capability to store reactants
and product for long periods atpBeat^ambient temperatures, and lower raw material
costs. Several investigations^
' of energy storage using an SOo/SOp gas
dissociation reaction have been made.
The SOp/SO, thermochemical storage concept involves the storage of thermal
energy as tne cnemical heat of reaction of sulfur dioxide. In the heat generation
mode, sulfur dioxide and oxygen combine to form sulfur trioxide.
S0 2 (g) + 1/2 0 2 (g)

S0 3 (g)

This reaction is exothermic, releasing 1.2 MJ/kg reagent. In the heat consumption
mode, S0 3 is decomposed to S0 2 and 1/2 0 2 within the solar receiver. Both the
forward and reverse reactions in this system require a catalyst to achieve
useful reaction rates.
A design concept for an S0 3 /S0 2 thermochemical energy storage system has
been developed based on the Boefng gas-cooled receiver design.v ' This design
integrates energy storage with power generation. During the daytime cycle, steam
is generated in a central receiver solar power plant. In addition, in a separate
tower, S0 3 is cracked partially to S0 2 and 1/2 0 2 within receiver tubes containing
a catalyst. At night, steam for electric power generation is produced from heat
generated by a catalytic oxidation of S0 2 similar to the process used for commercial sulfuric acid production. This system has a well documented design and
appears easily incorporated into an STPS. Therefore, it was chosen for this
safety assessment. While this design is viewed as among the nearer-term thermochemical TES subsystem options, it must be viewed as significantly less technically ready than the two systems described above.
As a precursor to the identification of hazards, the distinctive features of
this SOVSOp TES subsystem should be noted. These include:
A catalytic process is proposed for the endothermic and exothermic
reactions.
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The entire system is pressurized at from 10 to 40 oars.
Liquid (S0 2 , S0 3 ) and gaseous (S0 2 + 0 2 ) storage is required.
Both SO2 and SCU are hazardous chemicals due to their corrosive nature and
potential for forming acid when combined with water. Other hazardous materials
include the VpCL catalyst, for which a threshold limit value (TLV) of 0.1 to
0.5 mg/m , depending on the condition of the VpOr, has been established. These
chemicals, however, are handled routinely in the sulfuric acid industry. The
scale of operation is somewhat larger than normal for sulfuric acid plants. The
SO, nighttime formation rate for a 250-MW system corresponds to about 8500 tons/
day of sulfuric acid; sulfuric acid plants are generally in the 1000-1500 tons/
day range. This difference in itself may not be that significant, and appropriate experience is(likely to exist for properly handling the quantities needed
for the TES process/ 1 ;
Since personnel can come into direct contact with the TES working fluids
during a fluid release accident, it is appropriate to discuss the potential
hazards from a TES fluid release. After exposure to the environment, S0 2 can
undergo reactions sequentially for SO, and H^SO.. These reactions also occur
during routine S0 2 release, such as in power plants, and result in acid rain
formation. On refease, both SO2 and S0 3 can lead to personnel hazards through
inhalation and direct skin or eye contact. Equipment damage by corrosion may
occur, oossibly initiating other hazards. The threshold limit values (TLV) are
13 mg/m for S0 2 and 1 mg/m for H z S0 4 . Safety and treatment procedures therefore
should be readify available throughout the plant.
The release of fluid from this thermochemical TES subsystem constitutes
serious environmental and worker health and safety problems. The phenomenology
of external release of fluid(s) therefore has been addressed. Event trees have
been published elsewhere. ' In considering the fluid release modes of the
system, it is presumed that operation and maintenance standards adequate to
assure acceptably low fluid release rates during nomal TES operation are established. Thus it becomes necessary to determine the events leading to the offnormal operation of this system. In this way, the potential pathways for fluid
release which may not have been accommodated by the designer's standards can be
distinguished, and the potential for mitigating measures evaluated. Principal
initiating events identified include catalyst failures, mechanical equipment
failures, and off-normal events in ancillary subsystems.
During daytime operation, a failure of the catalyst can lead to loss of
system integrity and fluid release. Note that the endothermic reaction serves
to coci the receiver, hence catalyst failure will lead to an excursion in receiver
temperature. The dynamics of this had been considered elsewhere/ ' Similar
effects can occur due to pump failures and depressurization of the receiver. The
need to use a recuperator for thermal energy recovery also causes such excusions
to be more severe due to a boot-strapping effect/ ' The maintenance of system
integrity requires the contro] of the thermal input to the receiver in an acceptably short period of time.
Nighttime operation of this TES subsystem can produce hazards for plant
workers via several off-normal paths. For example, the use of the exothermic
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reaction for steam generation can lead to mechanical equipment hazards if the
catalyst fails or if adequate control on preheat conditions is not maintained.
The extended and pressurized nature of this TES subsystem, along with the
toxicity of the storage medium, presents a worker hazard should off-normal
events occur in proximate subsystems. For example, missiles can violate piping
and storage tank integrity.
Although the SO,/SO, TES system is only conceptual in design, there are
several design requirements that can be identified from the foregoing hazard
analysis. We presume that it will be of importance to monitor the state of the
system components if one is to determine when and if system failures have occurred.
Temperature* can be measured continuously throughout the plant, anc. if diagnosis
of problems cannot be obtained readily through temperature moniton":q alone,
measures such as continuous gas stream composition monitoring may be necessary.
In addition to recognition of these methods, shutdown procedures aces bypass
methods must be designed for all probable system failures.
Since any size leak can be potentially hazardous for human safety, proper
precautions, such as carrying respirators and protective clothing when near
SCL/SOo piping, should be implemented.
Materials should be readily available which can quickly neutralize minor
leaks if one is to mitigate damage from fluid releases. For example, SOo will
"smoke" upon exposure to normal atmospheric moisture. This sulfuric acia mist
can be hazardous, but the reaction can be reduced by covering the area with an
inert fluorocarbon oil mixed with glass bubbles. This would allow location of
the source rupture to be detected before a significant amount of material was
released and the "smoking" obscured the leak. At this preliminary stage, it is
unclear what additional diagnostic procedures are available or will be needed.
Attention should also be focused on complications which can develop from
events causing the failure of catalysts, and other equipment and process failures
resulting from the off-normal operation of the process. These complications
include system disassembly F or unscheduled repairs, fluid release due to handling
errors, deleterious health
~*cts caused by release of the fluids, creation of
acid, and the breakdown of equipment. Once these problems are elucidated and
generalized to other TES systems, decisions can bp made to implement the most
appropriate way to prevent or mitigate the adverse effects. These mitigating
measures might be comprised of the use of neutralizing compounds, the use of
protective gear in close proximity to exposed feedthroughs, pump shafts and valve
stems, the inclusion of monitoring devices in system processes to evaluate operating conditions, and the use of turbine systems able to tolerate the off-normal
conditions.
DISCUSSION
To maintain normal operation of a TES system, TES fluids should not be
permitted to communicate with other systems or the environment, since TES fluids
can be flammable, toxic, corrosive, and environmentally dangerous when released
external to a TES system. Therefore, measures must be used to limit TES fluid
release and minimize the exposure of personnel during operation and maintenance.
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Some of the more general measures for preventing adverse effects from TES
fluid release include: (1) the construction of annuli to restrict fluid release
to small areas, (2) fire prevention systems which are easily engaged, (3) protective garments and respirators worn by maintenance personnel coming into contact
with TES fluid to reduce exposure, (4) placement of TES vessels as far away from
other systems as is practical, (5) inclusion of pressure release mechanisms, fire
insulation materials, and emergency spill tanks in TES construction design, and
(6) use of turbines with mechanisms for preventing liquids from entering and
eroding their blades.
At the present time, sensible heat systems appear to be the most technically
and economically feasible systems for integration into STPS facilities. However,
other energy storage technologies may present unique advantages which can lower
costs and reduce the chances of personnel exposure to energy storage fluids at an
STPS facility. For example, the NaN03/Na0H latent heat storage system appears to
require less maintenance than either the S0 2 /S0, system or the oil/rock sensible
heat system. However, the latent heat scraper mechanism appears to need further
development before the system can be employed. Thermochenrical energy storage
appears to be the furthest from implementation since an effective, acceptable S0 3
dissociation catalyst has not been developed.
This study has not attempted to estimate the probability of the risks
associated with TES systems of the types investigated. It is unclear that such
estimates could be made at this time due to the lack of actual operating processes.
Further investigation into this area will be needed so that the frequency of
occurrence of particular events leading to fluid release or other hazards can be
estimated.
Attempts should also be made to determine the mechanism of disposal of the
TES fluids after expiration of their service life. Problems may exist for longterm storage in the finding of appropriate burial sites or appropriate chemical
conversion mechanisms.
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1.

INTRODUCTION

Use of solar energy for electric power generation avoids many risks inherent
in more conventional sources. However, as solar technologies are developed,
relatively sophisticated design, materials utilization and system operation
appear inevitable as means to achieve targets of efficiency, low cost and
wide-ranging usuage. Unplanned, off-normal events may then become a matter of
concern. Environmental risks represent a share of the consequences of offnormal performance. Since the principal exposed population will be the plant
workforce, worker health and safety are the primary environmental concern.
Thus management of environmental risk by various means is essential.
The study reported on in this paper [l] has adopted a generic approach to the
assessment of environmental concerns for off-normal events. Reference designs
and other information have served as a primary basis for understanding. A
balanced effort has considered potential hazards of large system central tower
designs such as the 10 MWe Barstow, California, Solar 1 pilot plant [2,3], of
small systems using distributed collectors [4], and systems such as the
Shenandoah, Georgia experimental total energy system [5]Answers to three questions may provide insight: (1) what hazards exist within a facility or may be initiated by external events, (2) how do these represent a danger to exposed populations, and (3) what potential consequences may
follow from these hazards? The preliminary nature of solar thermal power system (STPS) designs at this time limits numerical results, though some hazards
can be approximately quantified. A central task has been to identify the hazards associated with fluids maintained within the STPS plant. In an STPS these
differ from usage in conventional (and familiar) fossil-fueled power plant
designs. Differences occur in the receiver, electric generation and thermal
energy storage subsystems, and also in plant operations and maintenance.
Because experience is limited it may be unwise to prejudge the character or
origin of principal sources of worker hazard. Thus the study has developed
using an initial generic review, followed by detailed examination of selected
off-normal events to illustrate levels of hazard likely to be encountered and
possibly useful changfo.
2.

IDENTIFICATION OF WORKER HAZARDS FROM OFF-NORMAL EVENTS

The following sections briefly describe materials and components in various
STPS designs which are potential sources of hazard. Organization is principally by subsystem, with particular attention to departures from current
power generation practice.
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2.1

Collector Subsystems

Collector Subsystems are essential to direct insolation and to capture it so as
to produce electric power. Collectors which concentrate solar energy may constitute line or point devices, and will need to include thousands of individual
components to provide as much as 100 MWe. Most worker exposure to hazards
might derive from simple, essential activities such as performing mechanical
and electrical repairs, use of heliostat cleansing fluids containing toxic constituents, and other steps paralleling common industrial activities where we
have substantial experience. Recognition of these should in no way hinder
STPS development.
2.2

Receiver Subsystems

General types of receivers include parabolic trough receivers and parabolic
dish or central receiver systems. The variety of options precludes analysis
of all systems. Fluids to absorb solar energy may be water (use of a steam
turbine) or fluids such as toluene or mercury in an analogous direct generation
process, or may represent intermediate collection fluids (sodium, molten salts)
generating steam in an auxiliary heat exchanger, or gas heating using other
power cycles.
Line focus collectors generally have one-axis tracking to keep redirected
energy focused on the receiver. Temperatures achieved require fluids with
appropriate thermal behavior; either a high boiling point, or system design
for pressurization or gas overexpansion [6]. High temperature organic oils
are common [A]. Point focus receivers must withstand much higher solar concentration ratios than line focus receivers. Very h:Sgh temperatures at the
focus can be produced (1200°C), but may well be limited by useful working
fluid properties.
Potential hazards derive from media flammability and toxicity, and also from
the need to reprocess and prepare for eventual disposal. An extensive survey
of hazardous properties of materials used in solar heating and cooling, for
which hazards are generally similar, has been published [7]. While all fluids
presenc some hazard, their nature and extent differs greatly. Skin contact
with released molten salts would cause severe burns. Some decomposition
products such as nitrogen oxides are toxic. Liquid metals are extremely difficult to handle; sodium burns in air, and hyrolysis products react violently.
Mercury has well-known toxic properties. Organics present fire hazards in
the case of leaks, particularly since operating temperatures must be high.
Water and steam systems require inclusion of protective additives, such as
bactericides and corrosion inhibitors. Those additives useful for high
temperature service tend to be toxic and so are of some concern even when a
trace constituent. Handling procedures for liquid metals, eutectic salts,
organic heat transfer fluids and various steam/water additives have been
established. However, hazards should not be underestimated, and should include accidents in handling, transportation and fluid transfer.
2.3

Power Generation Subsystems

Rankine and Brayton cycle systems provide the greatest potential for use in
STPS. A steam Rankine cycle will be used in the Barstow 10 MWe pilot central
receiver facility. For designs with lower temperatures, such as parabolic
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troughs, the same scheme can be utilized with an organic fluid (such as a
freon) replacing steam. Brayton cycles may be open or closed, with the open
cycle using air on a once-through basis. Closed cycle versions recirculate a
gas such as helium. At 800°C or higher a Brayton cycle can be more efficient
than a steam Rankine cycle. Future systems also may use other cycles. The
type of power generation system must in every case be matched with the type
of collector used and the operating temperature for the receiver-boiler working fluid. For example, one dimensional tracking collectors are likely to be
matched with Rankine-cycle turbine systems using organic working fluids, or
low temperature steam turbines (temperatures to 300°C). Two axis tracking
systems at the lower temperature end (200 to 600°C) match with steam turbines,
while at the highest temperatures currently useful (800 to 1000°C) gas turbines
and the Brayton cycle match most effectively. Of course, future systems may
use cycles which better match requirements.
Recirculating fluids used in a closed cycle such as a Rankine-cycle steam
generator require occasional blowdown to eliminate contaminants from the system. Once-through systems require nearly contaminant-free fluids. Concerns
with Rankine-cycle technology are well understood based on substantial experience, thus unique accidents are not foreseen. For other cycles, however,
novel fluids may require further investigation.
2.4

Cooling Subsystems

STPS cooling will follow conventional practice with steam-Rankine cycle systems. Due to relatively low plant efficiency and the absence of stack gas
cooling, cooling tower thermal load will be about twice that for a conventional fossil fuel plant of equal capacity. Other technology options such as
use of an open Brayton cycle would permit air cooling, and could eliminate
water cooling systems entirely. Chemical additives used to treat recirculating cooling water are of environmental concern, but constitute a known and
manageable problem.
2.5

Thermal Energy Storage Subsystems

Thermal energy storage to permit nighttime operation may use sensible heat,
latent heat, or thermochemical heat storage systems. Hazards may be of concern. However, these are treated separately [8,9].
3.

THERMAL MISMATCHES IN STPS

The normal operation of an STPS, just as with a nuclear or fossil-fueled
power plant, involves maintaining a thermal balance within quite narrow
bounds between receiver, storage, electricity generation and cooling subsystems. Improper control of thermal balance can result in loss of plant
integrity and create potential safety hazards. While in no way as dramatic
as for nuclear power because the consequences are significantly less serious,
the problem is no less real. Further, the complexity and innovation required
for early commercial STPS may make assurance of integrity more difficult.
For example, if coolant flow in a fossil-fueled plant should cease, activation of a fuel shut-off valve will remove ther-al loading—easily done via
automatic (or emergency manual) equipment. For an STPS the equivalent
situation could require defocusing all or a majority of the collectors—
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perhaps 25,000 heavy heliostats, dishes or troughs throughout a 100 MWe plant.
Manual backup would be impractical. A further complication arises from differences in energy supply to the cooling system. Temperature difference
drives present fossil-fueled systems, but solar is driven by heat flux, with
temperature difference adjusting so cooling system flux matches insolation.
Some benchmark for an "acceptable" response during off-normal events must be
established. With respect to worker health and safety, it is reasonable to
say that the system, in areas associated with specific worker hazards, should
maintain its integrity long enough for corrective measures to halt further
potential hazard. The open question then is, how long is "sufficiently
long"?
Some systems, such as one-axis tracking systems that provide only modest concentration, may withstand full solar input. They may maintain integrity even
as collectors continue to track the sun but undergo off-normal thermal
operation [l0]. For mote efficient higher temperature systems, however, such
operation is likely to prove an unrealizable goal. Active defocus may be
required, during which steps are taken which remove the collect point of focus
from the receiver. For example, the Barstow, California, Solar 1 10 MWe
design calls for defocusing of a single heliostat in 10 seconds [3]. With
appropriate staging, substantial portions of the field might be defocused in
30 seconds, a few times the single heliostat defocus time. To actively defocus in time may require reliable power generation of as much as 5 MWe
available within about 5 seconds of off-normal events. This is a significant
engineering challenge.
Passive defocusing is different in that it relies on the perceived solar
motion. Since the apparent solar disk size is about 32 minutes of arc, the
sun moves an angular distance corresponding to its apparent size in about 2
minutes time. Thus, subject to adjustment for imperfections, if the collector
system ceases tracking the sun, the point of focus will move a distance corresponding to the size of the solar image in about 2 minutes. Assurance of
passive defocusing is far easier than active defocusing. What is essential
is that collector tracking cease, readily ensured (if necessary) by removing
power from drive motors. In particular, loss of on- and off-site power is
not in itself damaging.
The following sections briefly examine the nature of STPS response to offnormal balance conditions, and how design may effect response and worker
hazard.
4.

OFF-NORMAL BEHAVIOR DUE TO LOSS OF ENERGY SINK(S)

Under normal conditions the receiver coolant system will carry solar input
from the receiver, and provide energy to electric power generation, thermal
energy storage, etc. Thermal balance requires energy sources and sinks to
be matched. Any mismatch could lead to loss of system integrity, and fluid
release with potential for worker health and safety hazards.
A loss of energy sink (LES) may result from a variety of conditions: turbine
failure, improper valve operation in a steara receiver loop so that energy
does not flow to the turbine, physical obstruction of pipes, and control
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system malfunctions all are examples. Each could stop fluid circulation or
reduce it to a very low level; meanwhile solar energy input would continue.
The concern is common to all thermal power systems, including STPS. A
particular concern accompanies systems employing a fluid which changes phase
in the system, as energy may be stored as excess pressure rather than as
temperature; an additional hazard.
Three types of systems have been considered [l]. The first is the water-steam
receiver of the Barstow, California, Solar 1 10 MWe pilot plant [2], a steamRankine cycle design. An organic Rankine cycle design, specifically the
R113-based system for the Willard, New Mexico shallow well pumping experiment
[4] is second, and a one-phase liquid receiver loop is also briefly considered.
<\.1 An LES in a Water-Steam Cooled Receiver Design
The course of an LES in a water or steam cooled receiver has been examined
using design parameters proposed for the Barstow pilot plant [2], leading to
preliminary estimates of time to failure. A quasi-stationary analysis presumes
the entire receiver loop in thermal equilibrium at a state determined by its
energy content and the physical parameters of the system. The loop contains
fixed total water and steam, in a state (pressure, temperature, phase) consistent with mass and energy densities. Protective devices (such as relief
valves) are presumed to act slowly or not at all. Such an assumption, of
course, along with the existence of an LES itself, merits only an appropriate
probability of occurrence. Analysis of an LES requires both description of
the physical system, including energy flow rates, and of phenomena occurring
in the system in terms of its energy and state. This last will be addressed
first.
4.1.1

State of a Water and Steam System as Df .ermined by the Energy

The course of an LES is presumed to be described by energy content of a
steam/water mixture contained in a receiver loop of fixed volume. The density,
at some fraction of that for normal water, is assumed to stay unchanged at a
value p until system rupture occurs. Four possible conditions exist using
reasonable choices for temperatures and pressures:
(1)
(2)
(3)
(4)

a steam/water mixture,
subcooled liquid (no vapor present),
superheated vapor (no liquid present), or
supercritical fluid (pressure above the critical pressure,
22.112 MPa or 3206.2 psia).

In each instance it is necessary to specify a relation between the energy
density, u, and the state as determined by pressure and temperature.
(1) Steam/water mixture. Thermodynamic tables provide gas and
liquid specific volumes Vg and v]_, and enthalpies, h g and h]_. Internal
energies follow from the relation: u = h-Pv. The specified density, p,
is used to determine the fractional volume occupied by liquids, e, using
the relation:
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Similarly, energy density follows from:
u = efl^-Pv^/vj, + (l-e)(h -Pv )/v
In sequence, calculation of u as a function of state is routine using the
following steps:
•
e
•
•

Specify p and either P or T; find the other from steam tables,
Determine, v , v., h , h. under the specified conditions.
8
Compute e. 8
Compute u.

As the calculation is linear, its accuracy is limited only by the intrinsic
accuracy of thermodynamic data.
(2) Subcooled Liquid. Usually subcooled liquid will exist only over
a narrow range of pressures. Data are available [ll] in the form of deviations from saturated liquid thermodynamic properties as a function of
temperature for the subcooled region. Thus the procedure is to:
•
•
•

Determine existence of the subcooled region (e > 1 in the calculation
for procedure 1 above).
At fixed T compute: Av = (1/p) - vj_, with which the pressure and
Ah = (h-h.) can be found.
Compute energy density as: u = (h- + Ah)p - P.

(3) Superheated Steam. The calculation procedure is similar to
that for (2) above, but using appropriate data [ll].
(4) Supercritical Steam. Above the critical pressure only a single
fluid phase exists. The calculation again follows the logic of (2) above,
with similar concerns for nonlinear interpolation.
Results are conveniently presented as a P - T relationship and an energypressure relationship, respectively, each as a function of p/p . These
results are not specific to system design.
4.1.2

Course and Time Scale of an LES in a Water and Steam Coolant Loop

Using the Barstow 10 MWe pilot plant as an example [3], the thermal-input to
the coolant loop is 42 MWe. The receiver has a boiler with about 1.8 m3
volume containing 680 kg of water. Thus heat input is 23.3 MW/m3, and p/p =
0.375. Three energy sinks are in the receiver coolant loop: the turbine, 0
steam condenser, and the thermal energy storage system.
Initially, conditions will vary from superheated steam at 516°C (960°F) and
10.4 MPa (1500 psia) [3] to saturated liquid near ambient conditions. An
LES could rapidly bring the system near a common state; for example, to near
1 MPa (^ 150 psia). But suppose system failure occurred at 30 MPa ( % 4500
psia). We find u = 280 and 77C MJ/m3 at 1 and 30 MPa, respectively, for
p/p = 0.375. If all thermal input goes to the receiver fluid, the time
for°the transition from 1 to 30 MPa will be:
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,.
C =

(770 - 280) MJ/m3
,..
,
23.3 MW/n.3
= 21 seconds

At the end of this period the temperature would reach 400°C, still below the
normal superheated steam temperature of 516°C. In fact, energy densities to
bring about temperatures near 516°C could require extremely high pressure unless
the density, p/p , were extremely low. Thus failure may be more likely to occur
by overpressurization than overheating.
4.2

An LES in an Organic Coolant Generation System

The organic coolant Rankine cycle employed in the Willard, New Mexico system
[4] employs an intermediate heat transfer loop. Coolant reaches a normal
operating temperature of 260°C (500°F) on passage through the parabolic trough
collector receiver units, and then is sent to thermal storage and power generation. The turbine organic working fluid is boiled at about 215°C (420°F)
under pressure. Thus in this system turbine temperature is limited by the
receiver fluid.
The course of an LES can be determined by energy content of the working fluid,
analagous to the previous water/steam treatment [l]. Because thermodynamic
data are much more limited, a quasi-empirical approach has been utilized. Data
have been developed as energy-pressure and temperature-pressure diagrams [1],
In operation, the system has a normal receiver temperature limit of 533 K
(500°F). At corresponding densities, maximum pressures achievable range from
4 to 9 MPa (600 to 1300 psia). Operation could occur between saturated liquid
at 38°C (100°F) and supercritical vapor at 215°C (420°F) with density near the
critical (p/p = 0.360). Heat flux density may vary inversely with material
flow rate through the boiler and enthalpy density change across the boiler.
Using the earlier steam-water energy flow density of 23.3 MW/m3 gives 1.3
MW/m3 for the Willard design [l].
At the onset of an LES pressure might equilibrate at 330 K (57°C, 135°F), for
which energy density is 40 to 70 MJ/m^, increasing with density. To reach
receiver coolant temperature, or 533 K (500°F), energy density must rise to
185 to 210 MJ/m3. This change is about 140 MJ/m3, which could take about:
(140 MJ/m3)/C1.3 MW/m3) = 110 seconds of full-power input to the system. Heat
transfer limitations may slow this process. At the end, pressure would be
4 to 9 MPa (600 to 1300 psia), as noted above.
4.3

An LES in a One-Phase Liquid Receiver Loop

A normal sink for thermal energy input in an integrated receiver design is
the thermal energy storage unit itself, with the progressive charging of
storage as the energy sink. Either cold fluid is heated and transferred to
hot storage, or a thermocline moves progressively down the storage tank as
heat is accumulated. In either case the receiver is insensitive to accumulation of energy in the fluid loop. An LES cannot occur in the precipitous
fashion within this subsystem that could follow loss of a turbine or condenser. However, function can be modified.
For example, suppose flow of fluid from generator to heat exchanger ceases so
there is no heat removal from the receiver fluid as it passes through the
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heat exchanger. Temperature in receiver fluid will have to rise, perhaps quite
a bit. The time scale for such aa event depends on many factors and so is not
readily calculated in a general way. Another possibility would involve
depletion of cold storage tank fluid. Again, a temperature above normal would
occur, at the exit of the receiver.
5.

OFF-NORMAL BEHAVIOR DUE TO INTERRUPTION OF COOLANT FLOW

Interruption of coolant flow (ICF) is another potential cause of thermal m i s match. Particularly in view of the possible use of hazardous fluids in the
receiver (sodium, molten salts), several receiver concepts need to be addressed.
The models used allow examination of the importance of design features and
materials based on outcome of the events postulated. Releases of fliids may
follow different patterns and require specific precursor events. Hazards may
be avoided by several means. Based on these factors, various time scales for
modes of failure can be compared to the characteristic times for processes
during an ICF within a STPS receiver. Results for several systems may be
compared, and an assessment of merit made.
There are three principal sources of receiver thermal losses: reflected insolation, reradiation, and conduction and convection to the surroundings. The
first of these, reflected energy losses, is determined by emissivity at solar
wave lengths and receiver geometry. Such factors can be summed into a single
p-ffective absorbance (a fraction). Then for geometries such that insolation
can intercept the receiver only once, the reflected energy loss, Qrefl» depends
on solar insolation, Q±n, a s : Qrefl = ^ ~ a ) Qin* F o r complex geometries, a
may depend on geometry.
Reradiative energy loss is calculated from the Stephan-Boltzmann law: EOT .
The surroundings will also radiate to the receiver, and multiple reflections
occur. For simple cases:
Q

rad

=

•l/es-l

Convective and conductive energy losses are best handled by empirical correlation of nondimensional parameters incorporating heat transfer and fluid
properties, and geometry. These fit the form of: Q = h(T - T ) where T
s
reflects surroundings and h is a heat transfer coefficient.
Receiver designs which have been evaluated are as follows [l]:
•
•

•

•

McDonnell-Douglas control tower: superheated steam coolant
pilot plant (10 MWe) and commercial (100 MWe) designs [2,3].
Acurex parabolic trough: organic fluid-cooled design used in the
Willard, New Mexico, shallow well solar irrigation experiment
[4, 10, 12].
General Electric parabolic dish: inorganic oil-c , )led receiver
designed for the Shenandoah, Georgia, solar total energy large
scale experiment [5],
Boeing central receiver: closed Brayton cycle helium-cooled
receiver (EPRI) 100 MWe design [13].
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•
•

University of Houston/McDonnell-Douglas/Rockwell-ESG central
receiver: sodium-cooled 100 MWe with sodium thermal storage [l4] .
Black and Veatch central receiver: open Brayton cycle air-cooled
receiver with multiple receivers per tower and integral combustor
backup [15].

Concern for thermal mismatch arises from several sources. A break in coolant
supply could cause receiver damage, leading to release of fluids, etc., and
hazards to STPS workers. The models for systems used are relatively coarsegrained. Thus the results will be a sense of the magnitude of any potential
problem and some estimate of the time available for problem management.
5.1

McDonnell-Douglas Central Tower Receiver System

Several design versions of the McDonnell-Douglas system exist, including a 10
MWe pilot plant designated Solar 1 [2,3], and a 100 MWe commercial scale
version. Collector and receiver subsystems utilize an off-center 360 degree
collector field and an external single-pass-to-superheat receiver. The design
is compatible with a relatively short tower compared to cavity designs, and
the receiver has both low thermal and structural mass. This assists in
transient operation, and permits low structural costs even in seismically
active areas. Thermal storage uses the relatively inexpensive thermocline
(temperature stratification) means for storage via Caloria HT-43Qy with
crushed rock and silica sand.
The receiver is made from a number of structurally similar panels which generate superheated steam in a single pass [2]. The entire surface accepts
insolation, lessening focusing requirements at the expense of greater thermal
losses. The pilot version is designed to accept water at 13.8 MPa and 205°C,
delivering superheated steam at 10.4 MPa and 516°C, with any excess of turbine
requirements diverted to storage. Average incident solar flux i.j 0.16 MW/m^,
and maximum 0.33 MW/m^. The commercial version will accept water at 15.5 MPa
and 234°C, and deliver superheated steam at rated conditions of 11.1 MPa and
516°C to the electrical generation subsystem. Average incident solar flux
will be 0.423 MW/m2 and maximum 0.88 MW/m^. Oth°r design parameters are
listed in Table 1, and thermal loss design values are listed in Table 2.
5.1.1

Thermal Analysis

The sum of the thermal losses in Table 2 will be the normal heat loss, Q°outThe actual losses, QOut> a s a function of receiver temperature are presumed
to scale as indicated earlier. These add to:

Q out (T) = Q° + Q ^ (T/T°)4 + Q° (T/T°) + QRQ (T)
where Q R , Qjyj and Q° are normal reflection, reradiation and convection losses.
Qgp is loss to receiver coolant, at instantaneous temperature T, which approaches zero in an ICF. If the system can be approximated as homogeneous,
the receiver governing equation is (for a thermal mass m ) :
m

S

= Q

in " Qout

When Qnrt9 normally the dominant term in the Q
equation, goes to zero
RC
out

499

Table 1
McDonnell Douglas 10 MWe and 100 MWe Receiver
Design Parameters

100 MWe

10 MWe

Operating Temperature

516 °C (789 K)

Homogeneous Panel Metal

Incoloy 800

Thermal Metal Load

17,000 kg

37,000 Kg

Specific Heat of Metal

0.63 kJ/kgK

Density of Metal

7,940 kg/m 3

Melting Point of Metal

1,425°C (1,700 K)

Ambient Air Temperature

37.7°C (311 K)

Total Receiver Absorption
Surface Area

267 m

1,310 m

Table 2
Thermal Losses for the 10 MWe and 100 MWe Receiver
Designs Under Normal Operating Conditions

Va3-te (kWt)/m )
Heat Loss Mode

Symbol

Reflection
Reradiation
Convection

RR

10 MWe

100 MWe

Pilot Plant

Commercial Plant

8.09

21,.37

11.90

15,.73
4,.122

3.75

500

during an ICF, incident energy must be dissipated by other means. Over time
a new steady state will be reached at which losses balance incident solar flux
in the absence of coolant, at a higher receiver temperature. Maintenance of
system integrity, and protection of workers from hazard, requires that
temperature remain below some working limit long enough for active or passive
defocusing to occur. A computer code was prepared to solve the equations
given above for six specific cases [l].
Cases examined are summarized in Table 3, and response parameters for these
cases given in Table 4. Figures 1 and 2 for cases I and IV in Table 3 represent
(computed) response curves. For the pilot scale 10 MWe design, case II through
IV, the times to reach the melting point of receiver material may be rather
short, though in the range of passive defocusing time periods. The commercial
design, cases V and VI, has substantially higher limiting temperatures and also
shows shorter response times. All response times are well below the passive
defocusing time period, suggesting that some protective design might be required if reliance on active defocusir.g as protection during an ICF is to be
avoided.
5.2

Acurex Parabolic Trough Systems [4]

Concentrating collectors heat an organic heat transfer fluid which carries
solar energy either to storage or directly to a boiler/heat exchanger. In the
boiler, heat vaporizes R113 fluid to drive a Rankine-cycle turbine. The
receiver is a metal tube within an insulating pyrex tube, kept at line focus
by a one-axis drive system. Peak solar flux will be 1025 W/m2 during summer
at noon [9]. Nominal concentration ratio is 36 to 1, but is reduced by tubular
geometry and collector efficiency so that flux over the receiver tube is 9500
W/m2. Receiver operating temperature is 500 K, and the melting point of the
receiver is 1660 K.
5.2.1

Thermal Analysis

Thermal losses from the receiver are modified by use of Pyrex glazing. Focused light will pass through the Pyrex and be partly absorbed by it. Transmitted light will In part be absorbed by the inner steel tube and In part reflected, with the reflected portion again partly absorbed as it exits through
pyrex. There will be convection from steel to pyrex, and from pyrex to the
surroundings. Thus the input flux can be partitioned into three components
(pyrex absorbance a, steel emissivity £ ) :
Q- * solar input flux to receiver tube = e
(1-a) Q
Q_ = solar input flux to pyrex tube = a Q^ n [l + (1-e )(1-a)]
uv
oj = reflected flux « (l-£j(l-a) 2 Q ± n
Further, two equations describe receiver and pyrex tube temperatures.
d
dt x""' * Q l ~ Q 2 ' Qcoolant

iT ( VP>= ( V V (Q2+ V where m represents thermal mass and T temperature with p designating values

Table 3
Cases Examined for the McEonnell-Douglas Receiver

Receiver
Size (MW)

Case Number

I
II
III
IV
V
VI

Thermal
Flux (MW/m2)

10 (Pilot)
10 (Pilot)
10 (Pilot)
10 (Pilot)
100 (Commercial)
100 (Commercial)

0.163
0.163
0.330
0.330
0.423
0.850

(Average)
(Average)
(Peak)
(Peak)
(Average)
(Peak)

Infrared
Emissivity

0.9
0.2
0.9
0.2
0.9
0.9

(Normal)
(Reduced)
(Normal)
(Reduced)
(Normal)
(Normal)

Table 4

o

Response Parameters of McDonnell-Douglas Designs During an ICF

Case

Initial
Temperature (K)

Final
Temperature (K)

I
II
III
IV
V
VI

789
789
789
789
789
789

1484
1896
1784
2291
1764
2118

Initial Rate
of Temperature Rise
(K/sec)

4.8
5.1
10.6
10.9
29.6
62.7

Time to Melting
(seconds)
00

110
120
90
42
15
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1400 -

1200 -

(000 -

800 t-

600

Response of McDonnell-Douglas Receiver to an IGF
(10 MWe Pilot Design; Average Flux; Normal Emlsslvity)
3000

500

Response of McDonnell-Douglas Receiver to an ICF
(10 MWe Pilot Design; Peak Flux; Reduced Emissivity)

503

for Pyrex; Q12 and Q23 are heat transfer rates between metal/pyrex, pyrex/
surroundings; and Qcoolant represents heat transfer to coolant. The terms
and Q23 can be written as:

where heff is an effective heat transfer coefficient. Heat transfer requires
use of appropriate correlations [16]. A computer code was prepared [l] to
solve the system of equations given above for the set of cases listed in
Table 5.
Results are presented as receiver response to possible ICF alternatives in
Table 6. Even at the highest flux considered characteristic times (equivalent
to relaxation times for linear systems) are long, such that with passive defocusing even the relatively modest limiting temperatures would never be
reached. No significant threat to receiver integrity is apparent, consistent
with experience [l2j.
5.3

Summary for Remainder of Systems and Comparative Evaluation

Table 7 presents a summary of results for the two systems which have been described above, and also the remaining systems which have been analyzed [l].
Primary operating characteristics are listed, including solar flux and operating temperature, as well as time to failure. It should be clear that risk of
loss of coolant loop integrity is not the same for each system considered.
Thus results are suggestive, rather than definitive of comparative system
safety. Sensitivity to an ICF appears to vary widely, with limiting temperatures anticipated from 800 to about 2600 K. In part, high values reflect
attempts to extract high thermal performance from a receiver.
The Willard-Acurex design is single-axis focusing, with lower performance but
fewer difficulties anticipated in case of an ICF. The Shenandoah parabolic
dish has a concentration factor at the focal plane comparable to a central
tower receiver. However, after concentration at the focal plane, defocusing
occurs prior to light impinging on the receiver wall. Thus the intensity of
the radiation is not enough to initiate a receiver meltdown during ICF
conditions. Along with this, however, comes somewhat degraded thermal
performance.
Two basic configurations, external receiver and cavity receiver, and three
different working fluids, helium, steam and sodium, were considered in the
central tower designs, analyzed in reference [l]. The McDonnell-Douglas 10
and 100 MWe represent traditional water/steam, external receiver systems.
The Boeing cavity design is unique because incident solar radiation is reflected, reradiated and convected, typically several times throughout the
cavity. Helium is the coolant fluid. The design shows a lengthy time to
reach possibly critical temperatures but also has disadvantages. It is
relatively large, and the view factor of the aperture requires placement on
a relatively tall tower. Thus structural engineering must be complex and
costly to avoid hazard in, say, a seismically active area. Heliostat drive
and control mechanisms must be more precise to reflect sunlight to a small
(19 m) target.

Table 5
Cases Examined for the Willard-ACUREX Receiver

Case

I
II
III
IV
V

Normal
Operating
Temperature (K)

Solar
Flux,
(W/m )

500
550
500
550
550

9500
9500
19000
28500
9500

Relative
Solar
Flux

Temperature (K)

IX
IX
2X
3X
IX

Normal
Pyrex
Temperature

396
408
412
444
414

310
310
310
310
323

Table 6

o
p

Willard-ACUREX Receiver Response to an ICF

Case
I
II

III
IV
V

Limiting
Receiver
Temperature (K)

Limiting
Pyrex
Temperature (K)

Initial Rate
of Temperature
Rise (K/sec)

787
836
972
1093
788

516
517
622
696
518

0.55
0.52
1.05
1.48
0.55

Characteristic
Time
(sec.)
520
550
4 50
365
520

Table 7
Comparison of Receiver Responses to an ICF

System

CooJant

Receiver
Area
n2

McDonnellDouglas
10 MWe P i l o t
Plant

Water/
Steam

McDonnell Douglas
100 MWe
Commercial

Water/
Steam

Willard-Acurex
10 hWe
Parabolic Trough

Caloria
HT43

2 43

General E l e c t r i c
Shennandoa LSE
Parabolic Dish

Syltherm
800

0.832

Boeing
100 HWe
Central
Receiver

1,310

789

500

672
Tubes
1,089

Helium

2,037

UH/McDD/RockwellESG 100 MWe
Sodium
Centra] Tower

906

Black and Veatch
60 MWe
Central Tower

Operating
Temperature
K

Air

Shield
1,273

866

kg (kg/r/)

Thermal
Mass ,
kJ/K (kJ/nr K)

Material/Failure
Temperature of
Receiver (K)

Input Heat
Flwx,
(MW/n/)

Limiting
Temperature
(K)

17,000
(63.7)

7,743
(20.9)

Incoloy 800
1,640

0.163 (av)

1,484
..IA9S*..

37,000
(28.3)

16,800
(12.9)

Incoloy 800
1,640

54.9
(22.6)

27.2
(11.2)

Carbon Steel
1,700

26.97
(32.4)

10.65
(12.8)

Low Carbon Steel
1,670

90,200
(44.3)
120,000
(58.9*)

47,175
(23.2)
115,203
(56.6*)

65,450
(72.3)

32,890
(36.3)

Keceiver
Mass ,

1,366

* Assumed reduced radiative losses due to a selective black coating
+ Based on receiver tubing area

Inconel 617
1,700
Kaowool
2,060

Time to Reach
Failure Temperature
(seconds)

.

__JJO*
120
90*

0.330 (peak)

1,784
2,291*

0.423 (av)

1,264

42

0.850 (peak)

2,118

15

0.0095 (peak)
0.0285 (3 x peak)

1.C93

0.026

787

1,203

-

-

2,064

0.213

2,066

460

Stainless Steel
1,700

1.70 (peak)

2,596

20

Silicon Carbide
1,590

0.225

2,144

33

o
en
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Sodium's heat capacity and particularly its thermal conductivity make it
thermodynamically more efficient and thus a seemingly more attractive working
fluid. However, extent of experience with steam-electric at present may offset
these. Moreover, sodium is a far from benign material that burns in air and
reacts violently with water. Problems with use of sodium/water heat exchangers
cannot be considered resolved. The University of Houston/McDonnell-Douglas/
Rockwell-ESG sodium cooled tower design approaches meltdown faster than any
other system considered: 20 seconds. This may be comparable to the quickest
active defocusing even under favorable conditions. Due to the high thermal
flux, a temperature of 2700 K could be reached in the absence of other failure
modes. Thus some additional emergency cooling mode might be in order.
The Black and Veatch open Brayton cycle central tower design also shows a very
rapid response to ICF conditions. The performance of even superalloys is
likely to be stretched should such an event occur [l].
Receiver efficiency can be increased by use of selective black absorptive coatings. However, these may make the receiver more prone to failure during an
ICF. Heliostat defocusing seems the protective measure generally assumed for
the central towers. In the McDonnell-Douglas commercial design this would
mean defocusing about 23,000 heliostats; a major task needing fail-safe mechanisms and secure backup.
6.

OFF-NORMAL EVENTS IN DISPERSED GENERATING SYSTEMS

Some of the unique attributes of solar energy lead to particular interest within STPS developmental work in the use of dispersed electric power generation.
The first requirement as always is that the receiver collect sunlight. However, for dispersed application a small-scale, local, integral motor-generator
set and local thermal storage would replace an external coolant loop. Thus
each individual collector might become an independent electricity-producing
module. The difference becomes most pronounced in small system designs
directed toward tens of kilowatts capacity rather than hundreds of megawatts.
Among the systems for which designs are well developed are those using small
Stirling cycle engines located behind the focus of a parabolic dish reflector
[17-19], In the present section these designs will be used as the basis for
identification of the principal hazards for worker health and safety. The
results to be given are a result of the development and use of event tree
descriptions to identify key initiating and top level events [l].i> From these
results dynamic models for off-normal events can be developed.
The Stirling cycle requires two isothermal and two isochoric steps. That is,
a gas is expanded at a fixed high temperature, abstracting heat from a high
temperature source. The gas then passes from one cylinder through a regenerator to another cyclinder, with volume held constant by the controlled movement of pistons. The gas cools in passing through the regenerator, depositing heat in the regenerator materials. The gas then is compressed to its
original volume, rejecting heat to a sink held at constant low temperature.
Finally, the gas is returned to the original cyclinder and heated back to its
original temperature. Thus the cycle is closed, and can be made to approach
the efficiency of the ideal Carnot heat engine.
Several Stirling cycle engine designs have been developed for STPS
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application [18,19]. Each is in the 15 to 50 kWe size range, and would be
mounted on the axis and behind the focal plane of parabolic dish collectors.
Thermal energy storage sometimes is a directly coupled part of the system.
An integrated system controls both power output and engine speed. This allows
power phase matching of the engine output to the grid, as well as maintenance
of thermal balance within the receiver/storage system. Control is exercised
through the working fluid, helium, and pressure control. At a fixed temperature of the receiver, the heat input to the engine, and hence the work output,
scales with the number of moles of working gas. This, in turn, scales with
the pressure.
Failure modes which may lead to hazard have been deduced using an event tree
methodology [l]. Principal concern with off-normal events relates to potentially hazardous materials brought into worker contact by the event. A basic
separation may be made into chemical and mechanical sources of hazard.
Chemical concerns derive from release of hazardous fluids. Mechanical equipment hazards derive from initiating events such as cooling water, regenerator,
and gas seal failures. For the system to exceed limits would require either
that planned protective actions not be taken, such as when sensor units fail,
or that events transpire rapidly enough so that protection cannot be provided
within the time available.
Initiating events are critical. An induction alternator (rather than the more
common synchronous type) is likely to be selected to meet economic constraints
for small systems. The electrical portion of the system involves three
interacting subsystems: prime mover, alternator, and external load. Small
changes, such as in the power output from the prime mover, can cause frequency
mismatch between grid (load) and alternator even though not large enough to
cause control circuitry to disconnect. Failures may result, and may cascade.
Frequency is an extremely sensitive parameter in electrical power systems. If
frequency errs by 1/2 cycle, the entire system is shut down. Frequency also
is a delicate parameter for an induction alternator. Thus systems of the kind
considered for dispersed use are likely to contain the seeds for individual
component and system failure.
Cooling water supply is another essential part of the system subject to failure by several routes: fan, pump, leaks, etc. Helium seal leaks could be
critical, particularly since this fluid naturally finds its way through the
smallest of molecular-scale openings. Regenerator failure is likely to be
degenerative, but mechanical failure may also occur. Control systems are
critical and also subject to failure.
The various events touched on lead to situations in which the receiver is
unable to release the energy collected to a thermal load, creating a thermal
mismatch such as considered earlier. However, consequences for a small,
dispersed system may differ from those at larger scale. For example, back
electrical emf may drive the engine as a heat pump, which could magnify a
thermal mismatch. An LES event could take place. Failure in component
materials could take place, or overpressurization of working fluid could
occur. For each such instance an analysis of the kind developed earlier can
be used to estimate time to failure, and provide needed information to
guide protective design.
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7. SUMMARY AND CONCLUSIONS
The analysis of pilot and proposed STPS system behavior during off-normal
operation has indicated that there is some reason for concern for worker health
and safety. However, by comparison with conventional fossil-fueled alternatives,
hazards posed range from "about the same" to "of substantially less concern".
Furthermore, well known methods of analysis can be used to establish the most
sensitive points with respect to hazard, and suggest the probable best means
by which to manage any residual problem. Thus there is every reason to anticipate that high quality engineering analysis and design can combine to make STPS
systems, sophisticated and complex though they may be, environmentally benign
in the manner generally attributed to renewable energy resources. However, to
achieve this characteristic may well require very careful design, manufacture
and operation.
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A REVIEW OF THE FEASIBILITY OF METHODS
FOR REDUCING LNG TANKER FIRE HAZARDS
D.S. Allan, P. Athens, P.K. Phani Raj, and E.G. Pollak
Arthur D. Little, Inc.

1.0 INTRODUCTION

Liquefied natural gas (LNG) tankers are currently servicing United States terminals on the east coast and Alaska on a regular basis and are expected to
serve ports in the Gulf of Mexico and California in the future. Since the
largest of these tankers carries about 125,000 m3 of cargo in five to six separate cargo tanks, an accident resulting in the rapid release of the contents
of one container could conveivably cause thermal injuries and fire damage at
distances of up to 20 km from the site of the spill. The extent of the fire
hazards has resulted in a focus on the risks of LNG tankers transiting United
States ports, particularly in populated or industrialized areas.
Several studies evaluating these risks have been performed by applicants to
the Federal Power Commission (now the Federal Energy Regulatory Commission), by
Commission staff, and by state agencies. The identification and evaluation of
potential tanker failure modes have resulted in a general consensus that the
primary risk is a collision of an LNG tanker with another ship. Since the
double hull and double bottom design of LNG tankers renders them significantly
resistant to impacts of any kind, a major spill would have to be caused by a
rather large impacting ship, traveling at an appreciable speed, and impacting
the LNG tanker near beam-on.
Analyses demonstrate that the probability of a spill collision occurring in or
near port is so low, that this event is not expected to occur over the lifetime
of an LNG import project. Moreover, operators and the U.S. Coast Guard employ
extraordinary measures to ensure that spill collisions will not take place.
In spite of the low risk and precautionary measures, the possibility of a major
accident occurring remains. Therefore, methods of reducing the consequences of
a spill collision are examined as a means of acquiring an additional safety
margin for tanker shipments. In this study, engineering concepts on reducing
LNG tanker fire hazards are identified ind evaluated. These concepts include
measures for limiting the outflow of cargo, the modification of the cargo,
protection for the ship and crew so that further consequences may be avoided,
and the disposal of cargo from the damaged and disabled tanker. First, a discussion of the effects of a reduction in spill quantity and amount is given.

This work was conducted under Contract EA-78-C-02-4734.A000 under the joint
sponsorship of the Division of Environmental Control Technology, Department
ot Energy, and the Office of Commercial Development, Maritime Administration.
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2.0

EFFECTS OF REDUCTION IN SPILL QUANTITY AND AMOUNT

One of the potential methods for reducing fire hazards resulting from an LNG
tanker accident is to modify the cargo containment so that penetration of the
vessel by an impacting ship will result in a slower rate of release and/or a
smaller total quantity discharged. The potential benefits of smaller and slower
spills derive from the reduced radiation of pool fires and smaller dimensions
and travel distances for unignited vapor clouds.
If a spill from an LNG tanker were to take place, most of the contents of one
container on a typically large ship, say 25,000 m , would spill rapidly and
spread over the water surface. It is reasonable to assume that vapors would
ignite during the collision and a large fire would develop over the spreading
pool. If the vapor from the spill were not ignited, a large vapor cloud would
develop as a spreading liquid evaporates. This cloud could travel downwind at
sea level for a considerable distance until it reached an ignition source, for
example, a source within a populated area. The cloud would then burn and cause
thermal damage to all it encompassed.
The methods of estimation and the effects of spill reduction on thermal hazards
are discussed for each of the above hazard modes, as follows:
2.1

Pool Fires

The basic factors affecting the thermal radiation from LNG pool fires consist
of those that effect the maximum radius of the burning spreading pool and the
height and emmissive power of the LNG fire (Raj, 1977). The maximum spread
radius is defined by
r
R =

^|£
L v J

for INSTANTANEOUS spill
1/2
for CONTINUOUS spill

The instaneous spill simulates a rapid release, which could be obtained by an
unmodified LNG cargo tank; and the continuous spill simulates a prolonged discharge which could be caused by changing the cargo containment so that outflow
would be impeded. The height of the fire is estimated, as by Raj (1979), and
the emissive power of the LNG fire is estimated to be 100 KW/m 2 .
Given the relationship that allows the thermal radiation to be estimated from
a vertical cylindrical fire, the hazard distance is estimated by taking into

In light of new data (Raj, 1979), this value may be low by about a factor of
two. Using the newer value, the estimated harmful distances would increase
over those shown in Table 1 by, at best, 40 percent - and generally much less
than this because of the effect of atmospheric absorption.

513

account the appropriate view factor from ground level, allowing for thermal absorption by water vapor in the atmosphere, and by setting a criterion for thermal
injury. A value of 5 kw/m for skin burn injury was used as the thermal injury
criterion.
2.2

Dispersion of LNG Vapor Clouds

In assessing the character of LNG vapor clouds, the spreading of the LNG on
the water was analyzed in a similar manner to pool fire analyses. The estimation of the spreading vapor produced by the LNG pool followed the method used
by Germeles and Drake (1975) for rapid or "instantaneous" spills. A specific
vapor gravity model for the spreading of the vapor which is more dense than
the surrounding air was developed in the analysis for slower (continuous) releases. In this model, we assume that the vapor spreads in the lateral direction only and that it is diluted by air entrainment. The gravitational
spread is terminated when the spread velocity is equal to or less than the
prevailing wind speed.
The subsequent vapor dispersion is analyzed using the conventional PasquillGifford dispersion models. However, the vapor dispersion is modeled as if the
vapors were issuing from a virtual source. The location of the virtual source
is determined by matching the vapor concentration at the end of the gravity
spread with the concentration of the vapor at the same location from a conventional dispersion model (with the source being the virtual source).
2.3

Results of Pool Fire and Vapor Dispersion Estimates

The effects of reduced spill rates and quantities of the fire hazards from
LNG spills were estimated for a number of conditions, including atmospheric
stability and wind speed and relative humidity of the atmosphere. Selected
values resulting from these estimates are shown in Table 1.
Note that a significant reduction of the spill size and its duration may reduce
the distances of pool fires such that the hazardous radiation effects will be
limited to the near vicinity of the accident, say within a radius of a few
hundred feet. For the vapor cloud, however, the maximum travel distance
approximates a few kilometers for the same decrease in spill size and duration.
Hence, the pool fire hazard mav be considerably easier to control than that
from an unignited vapor cloud.

3.0

REDUCING THV OUTFLOW OF LNG

Concepts for reducing rate and quantity spilled in a collision include compartmentalization of the containment so that a lesser quantity would be spilled
and/or the insertion of structures within cargo tanks to impede or slow down
the outflow. Each of these basic concepts are discussed below.
3.1

Compartmentalization of Existing LNG Tankers

Compartmentalization or subdividing tbe containment systems of existing LNG
tankers poses problems that are unique to each basic type of containment design.
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Table 1
THERMAL RADIATION AND VAPOR CLOUD HAZARDS
FOR
DIFFERENT SPILL SIZES AND SPILL DURATIONS

Spill 3
Size, m
25,000

10,000

1,000

Distance of
Harmful
Thermal
Spill
Radiation from
Duration, min. Pool Fire, m*

Maximum
Maximum
Travel
Half Width
of Vapor
of Vapoi
Cloud, Km*'k Cloud, m

2100

20

700

10

900

10

J00

30

550

"instantaneous"

"instantaneous"

1500

3.2
14

150
500

10

600

7.5

200

30

350

2.7

100

660

5

200

10

190

2.8

70

30

120

1.4

35

"instantaneous"

*

distance from center of spill where radiation = 5 kW/m

**

Maximum travel distance of unignited flammable vapor cloud
assuming flammable limit is 5% methane in air, atmosphere
condition F
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In all of them, however, a subdividion in the horizontal plane is discarded because of structural support difficulties and operational logistics problems.
Also, it is questionable if bulkheads inserted in existing tanks would provide
sufficient strength to retain LNG in undamaged compartments when one or more
adjacent compartments are penetrated in a collision. In addition, unless bulkheads or compartments are insulated, in-flow of the relatively warm sea water
may provide sufficient heat that when transferred through the bulkhead, will
cause excessive vaporization in the adjoining undamaged compartments.
The factors affecting the feasibility of installing internal bulkheads are
discussed here for each of the three primary LNG tanker containment designs.
3.1.1

Integrated Tank Systems

This type of tanker encompasses the Technigaz corrugated stainless steel containment system and the Gas Transport Invar sheet containment concept. Both
are characterized by a metallic "membrane" liner that forms the primary barrier
for the containment of the LNG. This is supported by load-bearing insulation
which, in turn, transmits the cargo loading to the ship's inner hull and inner
bottom structure. A secondary (or backup) containment barrier is embedded
within the insulation system. Because of the structural character of this
barrier, there are no strength or swash bulkheads within the tank systems.
Partitioning integrated tanks with some type of internal bulkhead or barrier
structure is not a feasible approach, since attachments to support the barriers
would seriously jeopardize the mechanical and structural behavior of the membrane
in response to cargo and thermal loads.
It is conceivable that barriers would be structurally feasible in a new vessel,
however. The design would consist of more (and smaller) cargo tanks with each
container as a separate, insulated, integrated unit. Cost estimates for vessels
of this type indicate that a change from five to eight tanks would increase the
capital investment by some ten to fifteen percent and have other adverse effects, such as an increase in ship weight and operating costs. The effect of
reduction in total quantity spilled in a collision would be relatively small.
3.1.2

Spherical Tank Systems - Independent Type B

The independent tank (Type B) systems currently used are of the Kvaerner-Moss
design consisting of spherical tanks of either nine percent nickel-steel or
aluminum alloy supported at the equator by a cylindrical skirt which, in turn,
is supported by a structure attached to the inner bottom structure of the tanker.
These Type B systems do not have a full secondary or backup cryogenic barrier
since the analysis of the capability of the relatively simple, unstiffened
structure can be made with a high degree of confidence. Only a "drip tray"
under the spheres to prevent small leaks from contacting nonicryogenic steel
are required.
Bulkheads for spherical tank systems as shown in Figure 1 are deemed to be technically feasible; however, the added complexity of the entire containment
structure could present difficulties in acquiring approval as a Type B classification, and if not, could require tre installation of a complete secondary
cryogenic barrier, which probably would not be feasible. The increased costs
associated with the installation of bulkheads (and not a full secondary barrier)
might increase ship costs by five percent or more. Again, the reduction in
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quantity spilled in a collision would be limited by the number of compartments
that could be practically introduced by adding bulkheads.
3.1.3

Free Standing Tank Systems - Independent Type A

Independent Type A tank systems are also self-supporting, do not constitute
part of the ship's hull, and are not essential for hull strength. These systems are usually of a prismatic configuration and require a secondary cryogenic barrier.
Of the vessels having this type of containment, only the Conch II design
is under construction at the Avondale Shipyard appears to be amenable to
tential application of internal barriers for compartmentalization. Each
is presently subdivided by one liquid-tight longitudinal bulkhead and by
swash transverse bulkhead.

which
potank
one

Structural modifications of these tank systems, such as increasing the number of
internal bulkheads, or their geometry, or changing swash bulkheads into liquidtight barriers, or even modifying the longitudinal bulkhead, for example, into
an insulated cofferdam structure, would be relatively simple in terms of design
and fabrication. These modifications would necessitate an examination of the
effects of increased structural weight and, of course, additional compartments
will Increase ship cost.
Installing an insulated cofferdam along the centerllne of the ship is a potential concept which would increase the number of swash bulkheads and make them
liquid-tight. In the event of a collision accident, an "instantaneous" spill
would for most situations be of the order of 3,000 n»3 with the remainder of
the original 25,000 m^ being released over an extended period of time. The increase in ship costs for this design may be approximately ten percent, with an
additional ship operating cost increase (because of increased weight) of possibly
five percent.
3.2

Multi-container LNG Tanker Designs

3
For economic reasons, present LNG tankers of the 125,000 m size utilize a few
(five to six) containers rather than several small ones. Alternate designs with
many small containers or compartments havu and are being considered for LNG
tanker systems where a particular trade utilization or special fabrication and
perhaps safety characteristics influence the containment configuration.
Two such designs are currently under consideration. One is based on a system
reactivated by Ocean Phoenix Transport. Inc. and recently evaluated by J.J.
Henry Company, Inc. In this concept, rich gas at pressures of 40 to 70 psig
would be transported in a ship designed to carry about 173,000 m 3 of LNG.
This ship could also be used to transport LNG at atmospheric pressure. Nine
multilobe tanks, each with a capacity of about 20,000 m , will fit into five
insulated hulls. Because of the multilobe configuration, it is likely that a
rupture from a collision would (or could be made to) result in a significant
reduction in the rate of spillage.
The other design, referred to as the Virolme LNG carrier system, utilizes a
number of 3,400 m vertical cylindrical containers in insulated holds with a
total cargo volume of 330,000 m 3 . This design, pursued by the Naval Project
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Development Company of Rotterdam (see Figure 2 ) , has a number of potential advantages, Including the ease of fabrication of the individual containers, the
flexibility in design to accommodate several ship sizes, and ease of inspection
of, cargo tanks. A collision spill might only involve one container or 3,400 m-*.
One potential problem with the Verolme design is the possible exposure of uninsulated undamaged containers to sea water during a penetration collision.
The resulting heat transfer through uninsulated container walls might cause
excessive vaporization of unspilled cargo. This possibly could be controlled
by adding a limited amount of insulation in areas that may be exposed to sea
water.
3.3

Container Modifications for Reduced Spill Rate

Two potential methods for modifying existing tanker containment systems to
effect a reduced rate of spill given a penetrating collision include the addition of an open cell filler material to the tank to impede flow of LNG within
'and out of the container and the suspension or "hanging" of a curtain type
structure next to the exterior wall of the container. In the latter, "curtains"
would be forced by the fluid in the tank to cover a breech caused by a collision.
The first of these concepts is typified by a system marketed by Explosafe, Inc.
for preventing flames from propagating into and within the vapor spaces of containers for flammable liquids. The filler material is composed of expanded
aluminum and occupies up to three percent of the container volume. Other materials, such a foamed plastics, could also be considered for this application.
Presently, there is no data available on the flow impedence that might be presented by different fillers and pore sizes. The material, of course, will increase weight and reduce volume accessible to cargo. In addition, the required
periodic inspection of cargo tanks would be inhibited by the presence of the
filler material.
The second system, "hanging curtains" does not present the severe structural
problems posed by compartmentalization through the addition of bulkheads. This
system would consist of woven fabric or other materials flexible enough to be
forced over and at least partially seal a hole in the container wall. Potential
configurations are illustrated in Figure 3.
3.4

Comments on Spill Reduction Methods

From the review of potential concepts cf the reduction of the quantity and/or
rate of an LNG spill during a collision accident, we have concluded that:
•

The feasibility of compartmentalizing containers of existing LNG tankers by installing fixed bulkheads is most probably limited to vessels of
the free-standing independent Type A design. Only a very few of these
tankers are or will serve United States ports.

•

Multi-tank ship designs offer an opportunity to achieve spill reduction
in collision accidents, however, no construction of ships using this
configuration is currently planned.

•

The use of open cell filler material or hanging curtains to impede the
outflow of the LNG appears as if it will improve the fire safety of LNG
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tankers. The open cell concept needs further evaluation, while the
hanging curtain method requires preliminary development and testing.

4.0

CARGO MODIFICATIONS

Altering the cargo to render it less hazardous during transport is another approach to reducing LNG tanker fire hazards. Four such methods are reviewed
here:
4.1

Gelled LNG

The gelling of LNG as a means of reducing shipping hazards has been examined
by Shanes (1977) and is currently being evaluated by the Aerojet Energy Conversion Company (Rudnicki, 1980). LNG can be converted to a gel by a process
involving its intimate mixing with a gellant. Gels can be formed with methanol
or water gellants added in concentrations of less than about five percent and
are capable of sustaining heights of several inches. These gells, of course,
will flow quite freely when forced by pumping or when under a substantial (a
few feet) liquid head. Hence, gels will not help impede the outflow of cargo
from a damaged tanker since the height of liquid above the penetration is expected to be tens of feet.
Once the gel spills on the water, however, it will not spread over as large an
area as ungelled LNG because of its ability to sustain a height of a few inches
without flowing. In addition, it has been demonstrated in small-scalo experiments by Shane and Rudnicki that the evaporation rate per unit area of contact
with the water is greatly reduced. This preliminary work indicates that both
the size of a pool fire and the dimensions and travel distance of an unlgnited
vapor cloud would be significantly reudced, perhaps by a factor of four or
more in the latter case.
Larger experiments and further development of manufacturing methods will be
required before the feasibility of gels as a significant method for reducing LNG
tanker fire hazards can be established. Present estimates indicate that ("he
transport of LNG in gelled form would increase the cost of gas by some five to
ten percent.
4.2

Methyl Fuel

The importation of methyl fuel (methanol) made from natural gas was considered
during the early 1970's as a potentially more economical method of importing
natural gas than by shipping LNG. Since conventional, uninsulated, single-wall
tankers could be used to ship the more dense methanol, the savings in transportation costs could conceivably outweigh the additional cost of converting
natural gas to methanol.
Transporting methanol other than LNG could greatly reduce the fire hazards
associated with water shipments. Methanol would be released at a much slower
rate in a collision accident because most of the cargo would be below the
waterline, and time would be required for the sea water to interchange with
the methanol. On the other hand, LNG tankers carry much of their cargo above
the water line so that it may be released rapidly in an accident.
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As seen in Table 2, methanol is miscible with water in all concentrations whereas
LNG is not. Upon spilling, methanol will spread over the surface of the water
and quickly become diluted so that flammable methanol vapor and air concentrations will be eliminated. This will result in a substantial reduction in pool
fire and vapor cloud hazards. In addition, the vapor pressure of methanol is
sufficiently low that the generation of vapor would be greatly reduced.
Methanol is toxic, however, so that a vapor cloud may be harmful at greater
distances than those wher•-? 't remains flammable. Concentrations in the water
body might pose a threat L water users that consume water where ships transit
and also can cause harm to the aquatic environment.
At present, particularly because of the high price of gas at the point of shipment, the potential savings of transporting methanol on the overall cost of
natural gas at the receiving terminal is insufficient to make this approach
economical. Some interest might be developed, however, if methanol were to become more widely used as a gasoline extender. Currently, shipping natural gas
in the form of methanol may increase the cost of imported natural gas by some
ten to twenty percent.
4.3

Solid Natural Gas

Natural gas can be solidified by cooling the liquid to at or below -296°F (methane).
In this form, it would not spill during a collision accident and, hence, the potential for large pool fires or hazardous vapor clouds would be virtaully eliminated.
Detailed studies have not been performed on the methods of converting LNG to a
solid (and reconverting it later) for shipping purposes. LNG can be converted
to a solid on board ship or on shore and then loaded aboard the vessel. The
solid can be converted by pumping (lowering the pressure above the liquid)
or by cooling with a heat exchanger containing a flowing liquid at a temperature
below that of solid natural gas.
Conversion outside of the ship may be lower in cost, but methods would have to
be developed for transferring the solid from shore, to the ship. Lower-cost,
modified, conventional, insulated, single-walled tankers might be considered
for transport since the added protection necessary for LNG shipments would not
be required.
A first order estimate of the incremental cost associated with importation of
natural gas as a solid rather than a liquid (but shipped in double hull LNG
tankers) results in about a 25 percent increase in the cost of gas at the receiving terminal.
4.4

Flame Suppressants

In theory, suppressants that make methane-air mixtures nonflammable could be
mixed with the cargo at the point of shipment and then removed at the receiving terminal. If the cargo spills during a shipping accident, the suppressant
would mix with the methane vapor and render it nonflammable, thus eliminating
the fire hazard.

523

Table 2
COMPARATIVE PROPERTIES OF LIQUEFIED NATURAL GAS AND METHANOL
Shipping temperature, °F
Specific gravity, liquid
Solubility in water

^ - 258
0.415-0.45 (-258°F)
Insoluble

Saturated vapor pressure, psi*
Specific gravity, vapor
Flammability limits in air,
percent
Ignition temperature, °F
Flash point, °F (closed cup)
Burning rate, mm/min
Heat of combustion, Btu/lb

14.7 (-258°F)
0.55-1.0

Ambient
0.792 (68°F)
Hiscible in
all proportions
2 (68°F)
1.1

5.3-14.0

6.0-36.5

999

867

Flammable gas
12.5
-21,600 to -23,400

54

Toxicity by inhalation (TLV),
ppm

Causes asphyxiation
when > 52.4Z

200
50,000 may
cause damage
in 1-2 hours

Toxicity by ingestion
Aquatic toxicity

Not applicable
Not applicable

5-15 g/kg (rat)
250 ppm/11 hr
(goldfish)

1.7
-8,419

CHRIS, Hazardous Chemical Data, Department of Transportation,
U.S. Coast Guard, CG-446-2, January 1974.
**Arthur D. Little, Inc., "A Report on LNG Safety Research, Volume II,"
AGA Project IU-2-1, American Gas Association, Catalog No. M19712,
January 31, 1971.
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Halons are the most likely candidates; one of which (Halon 1301) remains liquid
at LNG temperatures. Only one to two percent by volume in air arc needed.to
prevent methane from burning.
Still, the use of halons is not feasible for the following reasons:
•

The weight of halon required to suppress a fire would be about 1.5 to
1.8 times the weight of the LNG, although the required volumetric concentration in air for suppressing a fire is quite low.

•

The LNG would evaporate preferentially, if it were to spill in water, so
that the initial vapor produced would contain very little (or an inadequate amount) of suppressant.

m

The removal of potentially harmful traces of the suppressant at the
receiving terminal may be difficult to achieve.
,

5.0

THE PROTECTION OF LNG TANKERS AND CREW FROM A SPILL FIRE

Provisions for protecting the crew and tanker from the effects of a large pool
fire resulting from a severe collision could eliminate or reduce injuries and,
perhaps, fatalities and decrease the potential hazards of cargo remaining in
undamaged containers. Hence, tanker fire hazards may also be reduced by protecting the crew and ship against thermal hazards from a large pool fire. In
this survey, we examined the vulnerability of the ship and crew and identified
methods for protecting both.
5.1

Vulnerability of the Ship and Crew

The dimensions and durations of LNG pool fires for different spill quantities
and rates are presented in Table 3. Note that the height of the fire exceeds
that of the ship, even for spills as small as 1,000 m^. Except for the rapid
"instantaneous" spill, the duration of the fire is approximately equal'to the
time required for the spill to occur.
Based on the character of the flame and the resultant heat transfer to vulnerable ship components, we concluded that the ship's hull and to a lesser degree, exposed deck plate, may experience severe structural damage after an exposure of 500 to 600 seconds. Buckling and metal softening may result in
structural failure. The protective covers for the LNG containers would probably fail within three to four minutes of direct flame impingement exposing insulation. Components on deck may also be severely damaged with the likely results that mooring winches, lifeboat davits, and cargo transfer systems would
become inoperable. The effectiveness of the required water spray to protect
the forward face of the ship's superstructure when directly exposed to the
flame is in doubt. Inadequate protection could result in the failure of windows with the subsequent exposure of internal components including sensitive
controls and operating personnel.
Crew members exposed on deck or on the foc'sle (see Table 4 for typical crew
locations) may be prevented from seeking adequate shelter before a serious
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Table 3
Fire Size and Duration

Spill
Size
(m 3 )

Duration
of Spill
(sec)

Maximum Fire
Diameter
(a)

Fire
Height**
(m)

Duration
of Fire

(sec)

^5,000

Instantaneous

760

863

218

25,000

180

525

667

180

25,000

600

290

442

600

10,000

Instant.aneous

495

641

173

10,000

180

330

483

180

10,000

600

185

323

600

1,000

Instantaneous

210

353

98

1,000

180

105

218

180

*

_4

Total burning rate of LNG on water = 6.35 x 10
m/sec
**
Fire height is determined by using Thomas equation
Source: Raj and Kalelkar (1974).
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Table 4
Typical Manning of an LNG Ship During Port Entry
and Cargo Transfer

During Port Entry

Location
Bridge

4
plus Pilot
Master
Watch Officer
Helmsman
Quartermaster

Forecastle

3
Lookout
Boatswain
AB

During CarRo Transfer
2*
Watch Officer
Helmsman

Engine Control Room
Engineering Watch
Officer
Fireman/watertender
Engineering Spaces

I**
Oiler

Cargo Control Room

2

x**

Engineering Watch Officer

1**
Fireman/watertender
2
£lyjL USCG Inspector
Cargo Officer
Assistant

Cargo Officer
Assistants
3
AB
OS

Main Deck

Accommodations &
Superstructure

27***

20

36

36

TOTAL

1
2**
AB & OS

plus 1

NOTE:

*
**
***

In the vicinity of and accessible to
Intermittent
Includes some crew possibly ashore

plus 1
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Injury is incurred. The cargo control room and bridge may also not provide
sufficient personnel protection from the fire. Accommodations and engineering
•paces and the engine control room may provide havens for crew members if an
adequate auxiliary air supply is provided.
5.2

Ship and Crew Protection

Our focus in this study has been on crew protection; however, some of the concepts discussed have implications for the systems required to protect vulnerable
ship components as well. To provide essential protection for the crew, special
systems are needed for breathing supplies and thermal protection. The entry
of hot combustion gases through air intakes and other openings could cause the
powe' plane "o shutdown as well as endanger crew members. For adequate protect irae t;*t.\y control of air intakes is necessary and an on-board emergency
^at*- '-.: . s.r Tor life support could help prevent asphyxiation of any crew
e closed within the ship.
Where existing enclosures are remote from crew positions or inadequate in themselves as protective shelters, thermally protected life support enclosures located in proximity to crew positions could enhance safety. These structures
would particularly benefit crew members on deck, bridge personnel, and those
located in the cargo control room.
Estimates indicate that conventional insulation systems would not provide
adequate protection for life support enclosures when exposed to a large pool
fire; that is, they would not be expected to prevent the temperature in a room
from esceeding 310 K during a one-hour exposure. In fact, no off-the-shelf
insulating system will meet these requirements. It does appear feasible, however, to design a sandwich type of construction containing layers of materials
with different properties. For example, a low thermal conductivity outer intuaescent coating is backed by conventional materials such as mineral wool, and
perhaps a heat sink such as a water jacket (see Figure A ) .
6.0

CARGO DISPOSAL

The emergency removal of cargo from an LNG tanker following an accident may
become necessary if the disabled vessel cannot unload at. a receiving terminal
or if it is not considered safe to do so. The emergency off-loading, if it is
accomplished in a reasonably safe and timely manner, may help relieve the threat
of a major file resulting from further deterioration of the damaged ship. Other
than transfer lines which were used in the one known occurrence of cargo being
transferred from a disabled tanker to another vessel, neither floating nor fixed
facilities, nor equipment for emergency off-loading from LNG tankers exist.
The requirements for the facilities necessary for emergency disposal of the cargo
relate to the urgency of the situation and the extent of damage received by the
LNG tanker. A review of potential accident scenarios suggests that in some instances, such as the grounding of a badly damaged ship close to a populated area,
it may be necessary to dispose of the cargo within less than one day. In other
cases, where the LNG containment is not in immediate jeopardy, several days for
off-loading may be sufficient.
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Other essential factors affecting the provision for off-loading facilities include the availability of power for pumping the LNG from the shipboard containers, potential damage of cryogenic transfer equipment, and limitations of transfer systems such as the ability to unload from only one side of the vessel.
We have performed a preliminary review of the concepts for the disposal of
cargo from disabled tankers. A brief summary of these concepts and their
characteristics are presented here.
•

Ship to Ship Transfer - For many, if not most, LNG import projects,
the rate of tanker deliveries is such that the nearest empty tanker to
which the cargo could be transferred would be at least one day's travel
from port (or from the potential site of the accident). Because of
possible delays in making the transfer, an urgent situation may demand
alternative disposal or off-loading methods. If there is time, ship
to ship will generally be the preferred method, since it salvages the
cargo rather than destroys it.

•

Combustion Aboard Ship - Flaring of LNG from the ship itself at rates
necessary to conform to relatively short disposal times may be impractical because of the difficulties of avoiding thermal damage of
shipborne systems and because of the need to incorporate special vaporizers on board. Combustors specially designed to avoid thermal
effects and to take care of vaporization would tend to occupy an extraordinary space aboard ship and add significantly to the cost of the
ship.

•

Release of Unignited Vapor or Liquid - Either the venting of vapor from
vent stacks or the jettisoning of liquid overboard at the rates necessary
presents risks of accidental ignition.

•

External Disposal - Several potential concepts for disposing of the
cargo by transfer to a point distant from the tanker have been examined.
These include submerged combustion systems, gas turbines, boilers, and
flaring; all of which avoid the occurrence of potentially hazardous
vapor clouds. The development of a barge system or controlled
burning of the LNG spilled on the water surface appear to be
the most promising potential methods and perhaps warrant further
evaluation.

In summary, it would appear that potential LNG tanker fire hazards may be
further reduced by making provisions for -the salvage or disposal of the cargo
from disabled and damaged tankers. Achieving cargo off-loading within about
one day's time after the accident takes place may be necessary. The offloading to another tanker is the preferred method, but may only be accomplished
on the relatively infrequent condition of an empty tanker being present nearby.
Of other potential disposal methods, the burning of cargo after transferring it
to a location at some distance from the tanker appears to offer the most
promise.
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AN ASSESSMENT OF THE RISK OF TRANSPORTING
PROPANE BY TRUCK AND TRAIN
C. A. Geffen and A. L. Franklin
Pacific Northwest Laboratory
INTRODUCTION
Rural areas that are not served by natural gas lines depend on the shipment
ui propane tor use as a fuel. Most of the long distance transportation of
propane is by pipeline. However, local distribution and final delivery of
propane usually requires shipment by tank truck or rail tank car. Environmental control systems are required to prevent release of propane during
transport. Environmental control equipment for propane transportation
systems includes containment barriers and relief valves designed to prevent
significant releases of material during normal transport. Some protection
from release during transportation accidents is also provided by rail tank
car head shields and tank insulation.
An important part of an effective environmental control engineering program
tor propane transportation systems is the quantification of the level of
protection afforded by the control systems currently in use or those that
might be developed in the future. Risk assessment techniques are a method of
measuring the effectiveness of the environmental control systems by quantifying the safety of the transportation system.
Risk assessment attempts to place the consequences of accidental release of
hazardous materials into perspective by considering the probability that
the release will occur. A commonly-used measure for the risk to society
from operating a particular system is the product of the consequences of
a release and its estimated frequency of occurrence, summed over all
possible releases from the system. If the release consequences are expressed
in terms of fatalities, the system risk can be compared to the risks from
other systems or to other risks in society such as accidents or natural
disasters. Additional perspective on the risk from a particular system can
be gained by developing a risk spectrum. A risk spectrum is a plot of the
expected frequency of a given level of consequences (or greater) versus
consequence level. It is a valuable tool for comparing the risk from different systems or activities. Risk spectrum information is also needed for
judgments about the acceptability of the risk from a particular system.
Occasionally society may attach different values to high consequence events
than to a series of lower consequence events that produce the same overall
risk. In order for the risk from two systems to be considered equivalent,
both the total risk number and the risk spectrum must be similar.
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This paper presents an assessment of the risks of transporting propane by
truck and train. The study, carried out as a part of Pacific Northwest
Laboratory's (PNL) Transportation Safety Studies Project, was conducted
for DOE's Division of Environmental Control Technology. The remainder of
this paper reviews the risk assessment methodology that has been developed
by PNL and presents the results of its application to propane transportation
systems.
TRANSPORTATION RISK ASSESSMENT METHODOLOGY
Tlu: risk assessment methodology used in the Transportation Safety Studies
Program evolved from a number of risk analysis models original]y developed
tor use in the nuclear industry. Initially, risk assessment techniquesfvere
suggested as a method of evaluating sites for nuclear power facilities.
Application of early methods was limited to analyses of fixed facilities.
Fixed facilities have a well-defined population distribution and the population in the immediate vicinity of the plant (the exclusion area) is
controlled by the facility operator. The population distribution in the
vicinity of a transportation accident, however, is highly variable.
Transportation accidents may occur in rural areas (with very low population
densities) in suburban areas or in urban areas (with relatively high
population densities). Since transportation accidents can occur at virtually
any vocation along the shipping route, a variety of geographic and meterological conditions can also be encountered. The variability in the population
distribution, geography and meteorology for transportation accidents adds a
degree of complexity not found in risk assessments of fixed sites.
Four basic steps are followed in the PNL transportation risk assessment
methodology to develop the information required to perform the risk analysis.
These four basic steps are:
• A detailed description of the transportation system, including
projected industry characteristics, size and number of shipments,
material characteristics, container types, transport modes, routes
traveled, and weather and population zones.
• The identification of possible material release sequences, using
fault tree analysis.
• The evaluation of the probabilities and consequences of releases,
using container failure data and mathematical models for dispersion
and health effects.
• The calculation and assessment of risk, defined as the product of
the probability of a release of material to che environment and the
consequences of that release.
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SYSTEM DESCRIPTION
The results of the risk assessment of transporting propane by truck and train
are related to the year 1985 to allow a comparison with other reports in this
series. To apply the risk assessment methodology described above to the propane
transportation system, it was necessary to make some assumptions about the
propane shipping industry. These assumptions included the following:
• Shipping systems and basic distribution patterns are the
same as in the mid-1970 1 s. Most propane is shipped in two
or more stages, as shown in Figure 1, from refineries or
processing plants to an intermediate terminal and then onto
the consumer.
• The total amount of propane shipped in 1985 corresponds to the
projected U.S. requirements for 1985, scaled up to account for
second stage movements.
• About two-thirds of the total propane movements are by tank
trucks, while roughly three percent of total movements are by
rail tank car. The remainder of the propane shipments are made
primarily by pipelines* o 4 H second stage deliveries are assumed
to be made by trucks. '
• All tank truck shipments are assumed to be made in tank trucks or
trailers designed to meet Department of Transportation (DOT)
specification MC-331.
•All rail tank car shipments are assumed to be made in an insulated
rail tank car with headshields, designed to meet the new DOT
specification 112J340W.
The shipping system description developed from these assumptions is summarized
in Table 1.

TABLE 1.
Propane
Tank
Type

Simplified Propane Shipping System Model
Material
Shipped/Ypar
(million m 3 )

Transport
Mode

Number of

Averane

MC - 331
Tank Truck

Truck

43.0

40

980,000

210

flC - 331
Bobtail

Truck

10.6

20

1,980,000

80

127.2

3

25,000

400

DOT - 112J340W
Rail Tank Car

Rail

1.55 x 10" 6
1.55 x JO

-6

6.21 x 1 0 ' 6

REFINERY
OR
CAS PROCESSING
PLANT

DISTRIBUTION OR
UNDERGROUND
STORAGE

BARGE. TANKER

FIGUREJ.

General Patterns of LPG Transport and Distribution
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RELEASE SEQUENCE IDENTIFICATION
To determine the probability of a container failing during normal transport
or during a transportation accident, possible release sequences must be
postulated. Propane releases occur every year from tank trucks or rail
tank cars. However, the statistical information available from state and
federal agencies does not provide a sufficient basis to identify the
mechanisms by which these tanks fail. Thus, possible release sequences are
identified by a deductive reasoning process that works backward from a release
through the possible chain of events that could produce the release. Fault
tree analysis was used to perform these reasoning processes.
Releases
during normal transport and releases caused by forces produced in transportation accidents were considered in identifying the release sequences. Releases
during loading or unloading operations were not investigated in this study.
RELEASE SEQUENCE EVALUATION
Identified release sequences were evaluated to determine the probability of
occurrence and the resulting environmental consequences. To calculate the
probability of a tank truck or rail tank car failing during normal transport
or during a transportation accident, it was necessary to estimate tank failure
thresholds, and examine the forces generated in an accident environment.
Both the truck and train accident environments were evaluated using, information developed by Sandia Laboratories.(*' For this study, the stresses
present in truck and train accidents were divided into four categories:
fire, impact, puncture and crush. Other stresses, such as abrasion and
immersion were assumed to contribute insignificantly to the likelihood of
propane tank failures and were not included. Support data on propane
releases was obtained from the Office of Hazardous Materials in the Department of Transportation.
Propane tank failure threshold estimates were obtained using mathematical
analysis and engineering estimates. Only thresholds relating to the accident
environment and posing a threat to the propane tank (fire, impact, puncture
and crush) were evaluated. Conservative assumptions were required in some
instances to carry out the analysis. Sensitivity studies were performed to
determine the effect of these estimates on the overall risk.
The final step in the evaluation of release sequences is the determination
of release fractions. For the purposes of this risk analysis, the lists of
release sequences were divided into six categories and release characteristics
were assigned to each. The six release rate categories are described in the
following paragraphs:
• The first release category represents a continuous slow leak
from an equivalent 2.5-cm diameter opening. These release
sequences do not generally occur as a result of transportation
accidents. This release is postulated to occur either as a
result of a defective weld or corrosion in the tank itself or
from a release through a defective internal valve that travels
on through defective or missing external hardware.
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• The second release category represents a continuous outflow
from an opened or damaged valve. These release sequences
occurred as a result of mechanical forces (impact or puncture).
Accidents with fire present are not included here. The rate
of release of propane is assumed to be the equivalent of that
emanating from the area of a 7.6-cm diameter opening.
• A third release category is the outflow of propane from activated
safety relief valves in an accident where fire is present. This
release is modeled as a continuous leak.
• The fourth release category is that of a small, continuous leak
of propane in an accident situation with a fire present. The
propane is released, as in release category #2, from a 2.5-cm
diameter opening. The elevated temperature results in a larger
release rate.
• A fifth release category is a release of propane from a major
mechanical failure (impact or puncture) of the propane tank.
These represent major accident sequences where a fire is not
initially present, although the released propane may later be
ignited. It is assumed that the total contents to the tank are
released almost immediately.
• The last category of release corresponds to an explosive rupture
of the propane tank, caused by an overpressurization of the tank
or a weakening of the tank walls by fire. These represent major
accident sequences were a fire (not caused by the propane cargo)
is the cause of tank failure. It is assumed that the total
contents of the tank are released almost immediately.
To express the risk from propane releases in a form suitable for comparison
to other societal risks, conversion factors were developed to allow modification of the consequence portion of the risk number (in this case to
fatalities). Areas which were evaluated include: health effects, meteorology, demography and quantity of the release dispersed.
The potential sequences of events following a release are depicted in
Figure 2. The major health effects of the release scenarios considered
in this report are direct flame exposure, explosion effects (overpressure
and fragmentation), radiant heat flux and secondary fires. Consequences to
the public are measured in terms of expected fatalities. The number of
fatalities for each major health effect is estimated by determining a size
and shape for each effect and applying this information to a uniform population density. An exclusion zone on either side of the transportation
pathway is assumed to exist for all releases, since the general public does
not reside immediately adjacent to major transportation pathways.
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Event Tree

Meteorological information was obtained by averaging actual data from 26
sites throughout the country. Population distribution information was
obtained by dividing the U.S. into the nine Census Bureau regions. Ihe
population densities were grouped into three classes within each region:
urban, "other urban" and rural areas. Population data was extrapolated to
1985. The distance traveled by propane tank trucks and rail tank cars in
each region was then estimated.
Atmospheric dispersion and vaporization models were used to determine the
extent of a propane vapor cloud from a release prior to ignition.
Accepted dispersion models were used to determine the cloud areas of
potentially flammable concentrations. No evacuation was assumed in calculating fatalities, since most rcJoase sequences were completed within
about 30 minutes, which is insufficient time for a formal evacuation program.
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RISK EVALUATION OF PROPANE SHIPMENTS
Because of the complicated n a t u r e of t h e shipping system model, the r i s k
a n a l y s i s was divided i n t o three p a r t s , each p a r t corresponding to one of
the three propane tank t y p e s . The r i s k involved with shipping propane was
determined s e p a r a t e l y for the b o b t a i l t r u c k , the tank truck and the r a i l
tank c a r , and i s shown in Table 2. These r i s k s were then summed to d e t e r mine the o v e r a l l t r a n s p o r t a t i o n system r i s k .
TABLE 2.
Shipping
Container

Transport

Summary of Propane Shipping Risks

Accidents

Rplp^se of Pronane
(events/year)

Si on ificant
Release of Pronane
(events/year)

Events ner Year
Resultino in
> 1 Death

Mode

(events/year)

HC - 331
Tank Truck

Truck

320

40

1 f>

MC - 331
Bobtail

Truck

250

70

O.fi

00T - 112J34OW
Rail Tank Car

Rail

60

40

0.4

0.1

Risk spectrum curves for the three propane tank types are shown in Figure 3,
along with the risk spectrum for the entire shipping system for the reference
year. These risk curves portray total risk to the public from all release
types. The shipment of propane in tank trucks contributes the greatest
portion to the total system risk. The contribution of a particular tank
type or mode to the total system rish, however, is dependent on the number
of shipments per year made in that tank. Figure 4 shows the propane shipment risk spectrum in perspective with other risks, including those from
previous risk assessment studies in this series.(7) The total public risk
from propane shipment accidents is compared to the risk from other kinds of
accidents and natural disasters in Table 3.
The results of this study indicate that the risk to the public of shipping
propane is higher than the risks involved with shipping nuclear materials,
but is generally lower than the risk spectrum presented for man-caused and
natural disaster events.
Further perspective on the total risk to the public from transporting
propane may be gained by examining some of the benefits provided by this
energy material. Propane and other liquefied petroleum gases are a
significant source of fuel in the United States, supplying about 3 percent
of total U.S. energy demand in 1976. Propane may be directly substituted
for natural gas, and is a clean-burning
^8^
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TABLE 3. Average Total and Individual Risk from
Various Accidents and Natural Disasters;

Event

Total Risk
(Fatalities/year)

Individual
Risk (b)

All accidents

103,030 (a)

1 in 2,000

Motor vehicle
accidents

46,700 (a)

1 in 5,000

1,552 (a)

Air crashes

1 in 140,000

Dam failures

35 (c)

1 in 6,300,000

Gasoline

28 (d)

1 in 7,900,000

Propane shipments

15

1 in 15,000,000

Air crashes
(persons on ground)
Meteorites

6 (e)
1.0 X 10~ 3 (q)

1 in 33,000,000 (f)
1 in 2 X 10 1 1

(a)

Based on 1975 statistics.

(b)

Based on total U .S. population (220,000,,000) .

(c)

Average for dam failures 1889-1972 (ref.. 5 ) .

(d)

From Reference 6

(e)

Average for years 1960-1973 (ref. 5 ) .

(f)

Based on population at risk.

(g)

From Reference 5

Propane is also a staple on farms, where it is used for crop drying, flame
weeding, tobacco curing, stock tank heating, and frost protection. It also
powers trucks, pumps, standby generators, and other farm equipment. Commercial
establishments, such as hotels, motels, and restaurants, use propane much like
the homeowner. Industry relies on it for soldering, heat-treating, annealing,
volcanizing, and many other uses. As an engine fuel, its minimal emmissions
allows propane to be used indoors. This same feature makes it a desirable
fuel in congested areas.
The LPG industry serves about thirteen million customers, including homes,
farms, individuals, businesses, and government groups. LP-gas is essentially
a rural fuel, and roughly 1-1/2 million farms depend on the fuel for a variety
of uses. Industry market calculations show approximately 60 million people
dependent on LP-gas for one use or another.(2)
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MAJOR CONTRIBUTORS TO OVERALL RISK
During the analysis of the three propane tank types, the release sequences
were grouped into six categories, corresponding to the six release rates
described earlier. The hazards from transporting propane stem from the
flammable nature of the cargo and resulting effects. In evaluating the
conseauences of each release category, four effects of the released propane
were addressed: explosion (over-pressure effects); direct flame exposure;
radiant heat effects, including damage from secondary fires; and missile
damage.
For both truck and rail transport, it was found that the release sequences
that involved dispersion of the propane had the greatest potential for producing fatalities.
These release sequences primarily include failure of the tank itself by
impact or puncture mechansims. The failure of the tank in an impact or
puncture accident situation was assumed to result in a release of the entire
tank contents to the atmosphere, forming a large vapor cloud. The flammable
area of the resultant cloud was large enough to affect many of the general
public, and this resulted in the most severe consequences when ignited. It
was found that in an accident where the propane is immediately ignited, or
a fire is involved in the accident, consequences were morn localized, and
less likely to result in fatalities to the general public. However, these
explosion and immediate fire sequences could result in fatalities to the
population immediately surrounding the ruptured tank truck. This population
would include truck drivers, emergency response teams (most commonly firefighters), and people in other vehicles involved in the accident.
In addition to fatalities to the general public, about six deaths per year
from propane truck accidents uay be expected in 1985 to account for drivers
and other people in the immediate vicinity of the accident. Transport of
propane by rail tank car is expected to account for about one or two deaths
per year (firefighters) in addition to members of the general public.
The actual fatality-causing mechanisms experienced varied with population
distributions, largely because of shielding effects. In urban areas, direct
flame contact and explosion effects caused the majority of deaths. Radiant
heat effects played a minor role in causing public fatalities. In "other
urban" and rural areas, explosion effects and radiant heat caused most of
the fatalities. Direct flame contact was not a major danger in these areas.
RISK SEHSITIVITY STUDIES
Before discussing the sensitivity of the risk evaluation to the value of
certain system parameters, it is important to point out a fundamental sensitivity of the risk evaluation. The calculated risk is a function of the
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shipping assumptions. Use of different shipping routes, different containers,
changes in the predicted industry growth rate, etc., would result in a different risk. In general, reevaluation of the risk would be required for these
changed conditions.
For this risk assessment, the area presenting the greatest uncertainty is the
consequence model. To test the effects of some of the assumed parameters on
the risk of shipping propane, several sensitivity studies were carried out.
Secondary fires were shown to be an insignificant source of fatalities. Risk
values did not change substantially when the presence of secondary fires was
totally deleted from the model. There was also some doubt regarding the
value to be used for the TNT equivalent yield for a propane vapor cloud.
A maximum value of TNT equivalency, one, was employed in this sensitivity
study to generate some confidence limits for the analysis. Because of the
magnitude of explosion consequences depends on the TNT equivalency value
assumed, risk did increase substantially over the base case, which applied
a yield of 10% to the TNT equivalency.
Another parameter in the consequence model that was subjected to a sensitivity
test was the fraction of fatalities resulting from exposure to direct flame.
In the base case, it was assumed that only 10 percent of the population exposed to direct flame would die. The others would survive, being able to
shield themselves from the flames by hiding in buildings or running away.
To ascertain the importance of thif parameter to the final risk number, two
sensitivity studies were performed. The first set the value uf this parameter
at zero, where none of those exposed to the area of direct flame would die.
Although risk did decrease slightly, the change was not significant. The
second study set this parameter at 100 percent; that is, all those within
the flammable region would die. In this case, the total risk number was
increased by about thirty percent over the base case.
Another area presenting uncertainty is the amount of package defects present
for any propane shipment. Leaks through values and piping systems represented
a large source of propane release. Eliminating these releases (that is,
assuming that no package defects exist) eliminates all released of propane
during normal transportation. This essentially reduces the risk of transporting propane to releases occuring during transportation accidents only. However,
because normal releases do not have severe consequences, adjustments to this
parameter did not substantially affect the total system risk.
It was assumed in this analysis that all propane tanks when exposed to a fire
fail from metal overheating when the tank is half full. To test the effects
of this assumption on risk, a sensitivity analysis was performed assuming the
tanks failed at 3/4 full and 1/4 full. The results of these studies showed
the total risk to be insensitive to this assumption, although the risk from
that particular release sequence was altered. This is primarily because
the release sequence involving failure of a tank by fire was of a very low
probability and had localized consequences. This release sequence thus did
not contribute substantially to public risk.
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Total risk values were increased by about 18% by the absence of head shields
on rail tank cars. Although head shields did reduce the normal incidence of
puncture accidents by about forty percent, they had little effect on impact
accidents, which were also included in the release sequence involving a
mechanical failure of the tank. Since at higher accident velocities the
impact failure mechanism governs, there was not found to be a direct
correspondence between the amount of reduction of puncture incidence and
total risk reduction.
A tank truck with insulation and a rail tank car without insulation were
also analyzed in sensitivity studies. The addition of insulation to the
tank truck decreased the risk of the release sequence of tank failure by fire
by almost seventy percent. However, there was no change in the other release
sequences. Similarly, the analysis of an uninsulated rail tank car resulted
in an increased tank fire failure risk of over fifteen times the base case.
Again, however, the risk from other release sequences was not changed. The
lack of insulation increased the total risk of shipping propane by rail by
only six percent. This is explained by the fact that initial failure of the
tank by fire accounts for less than 1% of the system risk in rail transport.
Almost 80% of the risk stems from failure of the tank by impact or puncture.
Several states are attempting to institute regulations that outlaw the
transport of hazardous materials within a heavily populated region. To
gain an understanding of how such a regulation might impact the risk of
shipping propane, a sensitivity study on the amount of travel within an
urban region was performed. Since it is believed unrealistic to totally
outlaw hazardous material shipments through cities, an approximate figure
of 20% of the base case travel through urban areas was assumed. This
assumption resulted in a substantial public risk reduction. Consequences
of dispersed releases were drastically reduced, primarily because o." the
decrease in available population for experience of the effects of released
propane. The results of this analysis and other sensitivity studies are
shown in Table 4.

TABLE 4. Total Public Risk Sensitivity Cases for Propane Shipments

Description of Sensitivity Case
Base
Base
Base
Base

Case
Case
Case
Case

- Total System
- Bobtail
- Tank Truck
- Rail Tank Car

Mo Secondary Fires
TNT Yield - 1.0 (a)
Direct Flame - * kill - 0.0 (b)
Direct Flame - % kill - 1.0 (b)
No Package Defects (b)
Ten Times Package Defects (b)
Tank Fails at 3/4 Full
No Head Shields (c)
Insulated Tank Trucks(b)
Uninsulated Rail Cars(c)
20% Travel in Urban Regions

Estimated Annual Frequency of
Occurrence of One or More Fatalities
Relative to Base Case

Total Public Risk Level
Relative to Base Case

1.00 (2 .35)

1.00 (15.04)

1 .00 (0.62)

1.00 (2.92)

1.00 (1 .59)

1.00 (11.43)

1.00 (O .17)

1.00 (0.81)

1.00

1.00

2.81

4.81

0.93

0.97

1.36

1.28

0.97

0.99

1.04

1.09

1.00

1.00

1.13

1.18

0.99

0.99

1.07

1.06

0.83

0.59

(a) Based on bobtail base case alone.
(b) Based on tank truck base case alone.
(c) Based on rail tank car base case alone.
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EXTINGUISHMENT AND CONTROL OF LPG FIRES

W. E. Martinsen, D. W. Johnson, and J. R. Welker
Applied Technology Corp.

INTRODUCTION

About 100 tests were run on free-burning LPG fires to determine
the quantities of agent required to control or extinguish the fire. The
tests were run using methods developed ?or hexane fires in earlier tests
(1). The general procedure was to put about 3 inches of LPG in the bottom of a square concrete test pit about 2 feet deep. The LPG was allowed
to remain in the pit for at least half an hour before it was ignited so
that the vaporization rate was relatively low at the start of the test.
After ignition, the fires were allowed to burn freely for at least a
minute so that the burning rate could reach a steady state value before
extinguishment was attempted.
Fire control tests using high expansion foam were run on fires in
5-, 10-, 20-, and 40-ft square pits. The foam was applied at the upwind
edge of the pit and foam flow was continued long enough to control the
fire or until all the LPG was burned. The minimum foam application time
for non-controlled fires was 5 minutes.
Three types of dry chemical were used to extinguish fires in 5-,
10-, and 20-ft square test pits: sodium bicarbonate, potassium bicarbonate, and urea-potassium bicarbonate. The dry chemicals were usually
applied from fixed nozzles located along the sides of the test pits, one
nozzle in the center of each side. To insure uniform flow, the powder
was supplied to each of the four nozzles through a symmetrical piping
system. Powder flow rates could be varied by changing the nozzle sizes
or by changing the dry chemical tank pressure. Upper limits on flow
rates were fixed by the nozzles available and the maximum operating pressure of the dry chemical tanks. Some manual tests were also run in which
dry chemical was applied by portable dry chemical units or hand-held dry
chemical hoselines. Manual extinguishment tests were run using shallow
earthen containment pits as well as the deep concrete pits.
A few tests were also run in which the boiloff rate of LPG was
measured following rapid spillage onto concrete and polyurethane foam.
Both the transient and steady state vaporization rates were measured.
*This work was financed through DOE Contract EP-78-C-05-6020.
A detailed report of the results of that work will be available in the
near future.
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LPG BOILOFF AND BURNING RATES
2
Figure 1 shows the mass of LPG remaining in a 5-ft concrete
test pit following a rapid spill of about 37 1b. The solid line represents the predicted quantity remaining and the dashed line shows the mea-r
sured quantity remaining. The prediction of boiloff rate and quantity
remaining was based on a film coefficient-limited model of heat transfer
by conduction through the concrete with additional terms representing
atmospheric convection, solar radiation, and sensible heat from the
cooling LPG (2). The temperatures of the LPG pools reached a steady
state value between -90°F and -100°F in most of the tests, so there was
substantial subcooling of the LPG below its normal boiling point. In
these tests the LPG was more than 90 percent propane.
Steady state evaporation rates were measured using insulated containers to reduce the conduction of heat through the container walls.
Heat transfer to the liquid was limited to convection from the atmosphere
and solar radiation. Mass transfer coefficients were calculated from the
evaporation rates and are shown in Figure 2. They compare favorably with
coefficients found in the literature for other organic liquids (3). The
mass transfer coefficients can also be used to estimate convective heat
transfer rates between the atmosphere and liquid pools because of the
heat and mass transfer analogy.
The burning rates were found to vary with the fire size, and to
a lesser extent with wind speed. Although not enough data were taken to
provide quantitative relationships, the burning rates for smaller fires
decreased for higher wind speeds. Figure 3 shows the measured steady
state burning rates as a function of pool diameter. The data points are
weighted averages ot the measured burning rates for two or more tests.
If it is assumed that at least the surface of the burning pool is at the
boiling point, a simple heat balance model can represent the results;
the total burning rate being composed of vaporization rates due to convective and radiative heating from the flame, i.e.,
V = V

+ V
c

where

(1)
r

V = burning rate, in/min
V c = vaporization rate due to convective heating, in/min
V r = vaporization rate due to radiative heating, in/min

By using the vaporization rate data from Figure 2 and assuming a flame
temperature of 2000°F, V c is estimated to be 0.13 in/min and is approximately constant over the range of fire sizes involved.
The vaporization rate due to radiative heating is assumed to vary
with pool diameter in the following manner.
V

r

= V

r , max

(1
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where

Vrj

= maximum vaporization rate due to radiation, in/min
b = flame extinction coefficient, ft~*
D = flame diameter, ft

max

The values of V r > m a x and b can be determined from the data and are
about 0.32 in/min and 0.208 ft" 1 respectively.
The solid line in Figure 3 was calculated from Equations 1 and 2.
It - ppears that the maximum burning rate for propane fires is about 0.45
in/min and that the maximum rate is reached for fires about 20 ft wide
or larger. If the fuel is ignited before the ground is well frozen, the
burning rate can be substantially higher, of course, because of the more
rapid boiloff of LPG.
FIRE CONTROL
High expansion foam was chosen as the agent for fire control because of its effectiveness in controlling liquefied natural gas (LNG)
fires. The foam application rates and expansion ratios were limited by
the equipment available, so the number of tests was also somewhat limited.
Figure 4 shows the control time as a function of the foam application
rate. The control time is defined as the time at which the radiation
flux measured at one pool diameter from the pool edge is reduced to 25
percent of its value before foam was applied.
The line drawn through the data points is based on a inultivariate
curve fit of the data, assuming an equation of the form
t - t . = K (A - A . ) a (B) b (E) C
nun
mm
where

(3)

t = control time, sec
t m £ n = minimum control time
„
A = application rate, gpm/ft
„
Amin = minimum application rate, gpm/ft
B = burning rate, in/min
E = expansion ratio
K,a,b,c = constants

There is a minimum application rate below which the fire will not be
controlled. It is dependent on the rate of foam breakdown due to heat
transfer from the flame to the foam and contact with the cold LPG. The
minimum rate was calculated to be about 0.03 gpm/ft2. If foam was
applied at a low^r rate, the foam collapsed as fast as it was applied.
The resulting foam solution drained into the fire and increased the burning rate. This sama behavior had been found earlier in applying high expansion foam to LNG fires (4,5).
There is also a minimum control time since it takes a finite
time to cover the entire fuel surface with foam. For the test procedure used, the minimum control time was about 30 seconds.
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It is known from the LNG fire tests that the fire control time and
the extent of reduction in fire size ultimately achieved depend on both
the foam generating equipment and foam concentrate used, because of differences in foam quality. In comparing the control times for LPG fires
with those measured for LNG fires, it was found that LPG fires were controlled in less time than the LNG fires and that the reduction in radiant
flux was about the same or larger than that for LNG fires using comparable
foam. It is likely that faster control times and greater reductions in
fire size after control can be achieved using higher quality foams. Practical application rates for LPG fires should be large enough to provide
control within a few minutes after foam application is started. For the
foam used in these tests, the application rate should be in the range of
0.1 - 0.15 gal/min-ft at an expansion ratio of 500:1. Other foams may be
more or less effective, and may require other application rates for assured control.
The LPG fire control times can also be compared with those found
in earlier tests where n-hexane was used as the fuel (1). Hexane fires
were controlled more rapidly than LPG fires and were ultimately extinguished. Thus the data confirm the results that might be expected intuitively: fuels with very low boiling points produce fires that are
harder to control with foam and cannot be extinguished, while higherboiling fuels produce fires that are easier to control and can be
extinguished.
Three tests were run in which obstructions were placed in the
center of the fire. These obstructions, which consisted of a set of concentric steel rings open 90 degrees on opposite sides, increased the control time only slightly. High expansion foam was fluid enough to flow
around and over the obstructions and provide effectiva control. In practical applications, foam should be applied so that all areas of potential
fire will be covered by foam.

FIRE EXTINGUISHMENT

Three dry chemical agents were used to extinguish fires in 5-,
10-, and 20-ft square pits. Figures 5 through 7 show the extinguishment
times measured for sodium bicarbonate, potassium bicarbonate, and ureapotassium bicarbonate, respectively. The extinguishment times are shown
as a function of the ratio of dry chemical application rate to LPG burning rate because the quantity of powder required depends on the burning
rate.
The lines drawn through the data points were derived from a
least-squares analysis of the data assuming an equation of the form

t - t .
mln

=

(A/B - C ) a

(4)
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where

t
tm£n
A
B
a,K,C

=
=
=
=
=

extinguishment time, sec
minimum extinguishment times sec
application rate, Ib/sec-ft2
burning rate, in/min
constants

There is a minimum application rate below which the fires cannot be extinguished; it is related to C in Equation 4. Fart of the mechanism by
which dry chemicals extinguish fires is by absorption of free radicals
from the combustion chain. The minimum application rate is apparently
related to the average free radical concentration in the flame. Since
the effectiveness of absorption of free radicals varies according to the
dry chemical being applied, the minimum application rate is different for
the three agents. The data analysis indicated that the minimum rates
were largest for sodium bicarbonate and lowest for urea-potassium
bicarbonate.
There is also a minimum application time below which the fire will
not be extinguished, even for very high powder application rates. This
minimum application time is apparently related to the time required to mix
powder and flame, so it is dependent on the application technique. Since
all the fixed system extinguishment tests used the same application technique, the minimum time for extinguishment for all powders was about the
same, around 2 to 3 seconds.
The LPG was contained in concrete pits about 2 feet deep, so that
there was always a freeboard depth of at least \\ ft. The fixed nozzles
were placed about 6 in below the top of the pit wall, so that the powder
was distributed evenly within the fire zone. Extinguishment was therefore quite uniform in most of the tests.
The same concentric circle obstructions used in the foam tests
were also used in the dry chemical tests. The fires were more difficult
to extinguish when the obstructions were used because the powder could
not be uniformly distributed with the obstructions in place. In fact,
potassium bicarbonate did not extinguish any fires when the obstruction
was used because the powder could not be projected far enough into the
obstructed area to cover all of the fire. Data from sodium bicarbonate
tests showed less effect caused by the obstructions than found in the
urea-potassium bicarbonate tests, probably because the projection range
for sodium bicarbonate is greater than for urea-potassium bicarbonate.
Some ir.anual fire extinguishment tests were also run using either
hoselines or portable dry chemical extinguishers. The fires burning in
deep pits (1%-ft freeboard) were very difficult to extinguish. Additional
manual tests on shallow pools resulted in much quicker extinguishment.
No manual tests were run using the obstructions, but previous experience
indicates that the fires would be harder to extinguish if obstructed.
The additional difficulty is caused by the non-uniformity of powder distribution due to "shadowing" of parts of the fire by the obstructions.
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A well designed fixed system should show little or no effect in extinguishment time due to the presence of obstructions.
The dry chemical application rates required for extinguishing LPG
fires were higher than those required for LNG fires of comparable size
and burning rate in other tests (4,5). However, the rates for LPG were
comparable to those required for n-hexane. The reason LNG fires are more
easily extinguished is probably related to the molecular structure and
the combustion mechanism. The propane and n-hexane molecules have carbon
to carbon bonds that are more easily broken than the carbon to hydrogen
bonds of methane. This difference also affects the flame propagation
rate, which is slower for methane, and the energy required to detonate
unconfined vapor air mixtures, which is greater for methane than for
propane.
Even though higher powder application rates are required for propane fires than for methane fires, practical extinguishment systems can
be designed for propane. Care should be used in designing such systems
so that reignition is prevented, because dry chemicals provide no long
term control capability. Reignition must therefore be prevented.

CONCLUSIONS

The burning rates of LPG fires are primarily a function of the
fire size and reach a maximum of about 0.45 in/min for fires larger than
about 20 ft in diameter.
LPG fires can be controlled (but not extinguished) by application
of high expansion foam. The foam rate required for LPG fires is less than
for LNG fires at comparable burning rates, and the reduction in fire size
is about the same as for LNG fires. For the foam used in these tests, the
application rate should be in the range of 0.1 - 0.15 gal/min-ft at an
expansion ratio of 500:1 in order to provide control within a few minutes.
Radiation fluxes from the fire were reduced by as much as 85 to 90 percent. Experience with LNG fires has shown wide variability in the effectiveness of various types of high expansion foam for controlling LNG fires.
The same variability may be expected for LPG fires.
Dry chemical agents applied with properly designed fixed systems
or manned hoselines are effective in extinguishing LPG fires. Sodium bicarbonate will be less effective at low application rates than potassium
bicarbonate or urea-potassium bicarbonate. However, the longer projection
range and higher flow rates for a given system design and the lower cost
of agent make sodium bicarbonate an attractive choice for large fixed
systems discharging at high rates.
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1.

INTRODUCTION

Whenever a major ocean oil spill occurs, attention is directed to a
variety of related topics such as tanker casualties, damage to amenities of
the sea, effects on living marine resources, personnel safety at sea, public
welfare, and the effectiveness of available countermeasures. The all too
familiar news items reporting that another vessel is releasing its cargo
into the water continually challenge responsible officials at all levels,
both public and private. A recent study for the Department of Energy (DOE),
Environmental Control Technology Division, on energy materials transport
through the year 2000, concluded that an adequate oil spill control arsenal
does not exist (DeSteese et al., 1979). Even prior to that, the Federal
Government recognized this deficiency. As a consequence, DOE and the United
States Coast Guard (USCG) have established programs to assess the problems of
oil spills and are actively developing information and understanding as
they implement contemporary solutions. This paper reports on the results of
a study (Thompson et al., 1979) which explores the technical feasibility
of one of these solutions, i.e., the combustion or burni.n^r of oil involved
in a pollution incident.
Several factors are important in evaluating the most appropriate oil
spill response, including oil types and quantities; weather conditions;
locations of oil in regard to property and living marine resources; timeliness;
manpower required and available; equipment required and available; experience
for success of technique; risks to safety of response personnel; effects of
response on environment; public perception of decisive action being taken;
and costs anticipated to implement response. The present trend in oil spill
response is containment and physical removal of released oil (although the
use of dispersants is growing) and land disposal of oil-contaminated debris.
The situation is further complicated since stricken vessels are sought by
marine salvors until all hopes of recovery of vessel and cargo are lost and
this is added delay raising the potential for cargo loss. The study reported
on here addressed the technical feasibility of using combustion technology
in oil spills:
a)

in situ - where the stricken tanker poses an unreasonable
risk and the burning of cargo would minimize pollution;
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b)

pool - where the oil has been released from containment
and is spreading upon water or ice; and

c)

debris - where the released oil has come in contact with
beaches, littoral deposits, flotsam, jetsam, and other
materials requiring disposal.

The research was conducted through literature, international correspondence,
and interviews to determine: a) categories of oils by their propensity to
burn; b) conditions affecting burning; c) available technology to be
used; d) acceptability and ethics of using this technology; and e) research
and technology development needed. Practical guidance is offered through
the use of decision trees.

2.

OILS AMENABLE TO BURNING

The physical characteristics of the variety of oils cover a range and
so do their thermal properties. Upon completion of the state-of-the-art
reviow on combustion as it relates to pool fires and movement of oil slicks
on water, a classification of oil was initiated. The theoretical examination
was confined to released oil combustion, since the combustion of oil confined
in a tanker or oil-contaminated debris was either more easily explained or
had been well studied. The effects of natural forces that disperse and modify
oil slicks in water have been studied much more than the combustion properties
of slicks. These studies have led to the development of several mathematical
models. Each of the model's limitations were summarized for the processes
of advection, spreading, dispersion, weathering, and windfall. Because most
of the basic fire research data on pool fires lacked the information necessary
for direct use in oil spill combustion, a simplified combustion relationship
has been proposed.
The simplified relation for oil slick combustion is designed to allow
use of the minimum amount of commonly available data on the wide variety of
hydrocarbons and mixtures which may be the subject of a response action.
The basis of the relationship comes from the concept that combustion takes
place with a liquid only if
^comb

"sens

+

^evap

where H c o m ^ is heat released upon combustion of a unit of fuel, H e v a p is
the latent heat of vaporization for that unit of fuel, and H s e n s is the
heat required to raise the temperature of the oil from ambient (4.4°C used
in this study) to its boiling point. These data are available in several
publications, including some in the USCG CHRIS manuals (A.D. Little, 1974).
It is important to recognize that only a portion of the heat of
combustion can be returned to the pool and that the sensible heat for a given
fuel is determined as the product of the specific heat of the fuel (Cp) times
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the difference in boiling point (Bp) and ambient (T a ) temperatures. The
relationship of heat transferred back to the pool expressed as resulting
burning rate (V in mm/min) was found equal to a constant times the ratio
of the heat of combustion to the effective heat of vaporization. Additional
considerations of the heat transfer including flame view factors, emissivity,
and absorbency suggest that about 2% of the heat of combustion can reach
the pool and this occurs by radiation, not convection or conduction. The
simplified relationship most useful to this classifiction analysis is therefore
°-02

x H

comb = H evap + C p (Bp - T a )

Classification of the oils is proposed by using the net heat difference
between total heat of combustion released (radiation back to the pool) and
total heat required. The simplified relationship allows the use of broad
temperature ranges, e.g., as found in distillation products, rather than
single boiling points. By completing the calculations for a variety of oil
products from motor fuel antiknock to resin oil, three fairly distinct groups
can be shown. These categories are defined as:
Category 1 including those fuels from which ample excess heat
is generated to meet heat requirements; burning can be anticipated under most conditions; the net heat difference is positive
throughout the distillation range.
Category 2 including those fuels whose radiant heat back to the
pool is roughly equivalent to heat required; burning can be
anticipated only under some conditions; the net heat difference is
positive at lower distillation temperatures and negative at higher
temperatures.
Category 3 including those fuels which produce insufficient heat
to meet the heat requirements; burning is not anticipated without
significant combustion promotion; the net heat difference is
negative throughout the distillation range.
Crude oils would be placed in Category 2 if only generic or average
data were used to describe these complex mixtures. It was recognized that
there is considerable difference between the potential combustibility of a
highly volatile light crude and various waxy heavy crudes. Since the crude
oils are made up of differing percentages of many hydrocarbon fractions
each having distillation temperature ranges, the approach in categorization
was to determine "breakeven points." These determinations employed the same
simplified relationship, and calculations were made noting the percent of
the crude oil fractions at which the radiated heat of combustion just equaled
the heat required. From case history experience it was clear that crude oils
with "breakeven points" in the 80% to 90% range burn easily, while oils in
the 20% to 30% range are most difficult to burn. The three categories were
then modified to include crude oils with similar prospects of burning by:
Category 1 having "breakeven points" at greater than 67% by
volume of crude oil
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Category 2 having "breakeven points" at greater than 40% less
than 67% by volume of .rude o i l
Category 3 having "breakeven points" at less than 40% (below
30%) by volume of crude o i l
Some of the products and crudes examined are classified in Table 1.
TABLE 1.

Categories of Oil by Likelihood of Combustibility

CATEGORY NUMBER 1

Crude Oils

Oil Products
Motor Fuel Antiknock

Attaka, E. Kalimantan,
Indonesia

Pennington, Nigeria

Tembungo,
Malaysia

Melabin,
E. Kalimantan,
Indonesia

Seppinggan, E. Kalimantan, Indonesia

Qua Iboe, Nigeria

Poleng, Java, Indonesia

Hassi Messaoud blend,
Algeria

Compounds with Lead Alkyls
Gasoline and Flash Feed Stocks

Jet Fuel No. 3
Coal Tar
Kerosene and OR No. 1
J e t Fuel Ho. 5

Labyan Light,
(Samarang) Sabah,
Malaysia

Beryl, U.K.
Bonny light, Nigeria

Fuel O i l No. 1 and 10

Es Sidar, Libya

Arabian light (berri),
Saudi Arabia

Serei light, Brunei
Mubarek, Sharjah, UAE
CATEGORY NUMBER 2

Crude Oils

O i l Products
Asphalt

Escravos, Nigeria

Brega, Libya

J e t Fuel No. 4

Trinidad blend,
Trinidad Tobago

Murban, Abu Dhabi

Gas O i l

Fuel O i l No. 5

Arzew blend, Algeria
Bekapi, El Kalimantan,
Indonesia
Umm Shalf, Abu Dhabi
Arjuna, Java, Indonesia Wallo export mix,
West Irian,
Zakura, Abu Dhabi
Indonesia

Bunker C

Hout, Neutral Zone

Fuel O i l No. 4
Fuel O i l No. 2 and 2D

Qatar (Duckham), Qatar

CATEGORY 3

Crude Oils

O i l Products
Castor O i l

Gamha, Gabon

Spray O i l

Eo-ene, Neutral Zone

Rosin O i l

Uneraude, Congo
Brazzaville

Diesel O i l

Cyras, Iran

Jatibarang, Java,
Indonesia
Klamono, Irian, Java
Indonesia
Ouri, Indonesia
Boscan, Venezuela

Bachequero, 16.8°API
(Bachequero Heavy),
Venezuela
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3.

TECHNICAL FEASIBILITY OF BURNING OIL IN SITU TANKERS

The concept is that an oil cargo consumed by combustion in a stricken
tanker would lessen the extent of pollution that would result if the tanker
were to break up. The following assessment is based upon investigations of
case histories and previously conducted research plus careful examination of
factors such as technology available, experience of personnel, and motivation
for and reactions to burning by interested parties. The feasibility in 1979
of this approach is conceptually promising, with optimism L>3ing expressed by
several specialists. However, there is required an extensive investment
(modest compared to current cleanup costs) in development and demonstration
before the concept can be used with a reliable basis. Without these
investments, limited progress can be shown by creating detailed reports on:
1.

Engineering analysis of failure potential from changes in ship
section modulus due to deck and hull plate removal and fire
effects for different sized tankers;

2.

Engineering analysis of and procedural development for using
aerial deployed munitions including metal cutting and reactive
incendiaries to remotely burn oil cargo;

3.

Engineering analysis of and procedural development for manual
deployment of shaped charges and incendiary materials aboard a
stricken tanker;

4.

Procedural development for and use of maritime firefighting
techniques to cont"ol deliberate oil cargo burns; and

5.

Safety analysis of and procedural development for using offshore
oil platform waste oil flare burners as routine or emergency deployed
off-loading equipment aboard tankers.

Thren concepts of burning oil in situ tankers were defined and evaluated. Naval and aerial weapons exist and are most effective for use on
similar targets in penetrating metal and igniting a fuel. It is yet to be
demonstrated that these systems, with slight modifications, would provide
the cargo volume reduction sought in stricken tankers. However, reactive
incendiary weapons and explosive metal cutting specialists are optimistic
on the potential success of applying these military tools to this civilian
problem. Marine salvors and others knowledgeable in vessel design and in
providing aid to stricken vessels place considerably more confidence in
the use of manually placed shaped charges plus igniters. The third concept
requires less extreme applications of technology because the use of waste oil
flart burners is common on land, on offshore platforms, and on exploratory
well drilling ships. Furthermore, a few countries are increasingly relying
on flare burners when responding to stricken vessels at sea.
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Category 1 and 2 oils are most amenable to in situ burning and Category 3
oils could burn with sufficient metal heat radiation developed in the cargo
tanks. The tools may be available in the U.S. to carry out the in situ burn,
but lack of explosive stores in Europe and elsewhere limits the concept.
There are no connnercially available organizations to implement the in situ
burn. However, some marine salvors could assist in ship stabilization plus
placement and use of explosives. There are no government facilities in the
U.S., Canada, or the U.K. with the expertise, equipment, or mission to lead
or carry out an in situ oil burning response action. The elements of the
technology exist, but have yet to be integrated into a viable response system.
Conditions which supgest that in situ tanker burning of oil cargo is a
feasible concept worth further development are summarized below and compared
to the current response option of ship salvage and cleanup:
Minimum Time Available for Response
• salvage and cleanup - several weeks to a few months required
» in situ burn —

3 to 5 days required, conceptually

Manpower Involved
• salvage and cleanup - up to 500 from several vessels
• in situ burn - less than 50 in aircraft and vessels
Equipment Exposed to Risk
t salvage and cleanup - $100 million in ships and aircraft
• in situ burn - $30 to $40 million in vessel and aircraft
Support Facilities
• salvage and cleanup - extensive, involving several ships and aircraft
» in situ burn - one vessel and one aircraft (ideally)
Value of Resulting Vessel
• salvage and cleanup - $12 million for new to $960,000 for old vessel
. in situ burn - $0 to $200,000 for old vessel and $340,000 for new
vessel as scrap
Random Locations of Accidents
, salvage and cleanup - heavy equipment must be moved and set up,
sometimes far from operations base
• in situ burn - accessible and safe provided 3 miles from population,
rapid transport of compact system anticipated
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Cost of Response
• salvage and cleanup - up to millions of dollars
• in situ burn - a few hundred thousand dollars
Public Regard for Response
t

salvage and cleanup - high costs, much preparation, apparent
delay in response, energy spent to recover oil

« in situ burn - cost savings, rapid decision action demonstrated oil lost versus energy not spent in response
All Weather Response
• salvage and cleanup - inclement weather threatens safety and
operations halt
• in situ burn - can be considered in all but most severe weather,
assuming air deployment
Civilian Application ol Military Technology
• salvage and cleanup - little involvement except occasional Navy
salvage
• in situ burn - defense agencies, equipment echniques, and personnel
in full scale; training increases return on military budget expenses

4.

TECHNICAL FEASIBILITY OF BURNING RELEASED OIL

The concept is that combustion of oil released upon water and oilcontaminated flotsam and jetsam, which wash ashore, significantly reduces
the pollution potential. Case histories, reports of field demonstrations, plus
detailed combustion analysis and discussion with specialists formed the basis
of this assessment. The concept feasibility in 1979 of burning oil released
upon water is technically justified and optimized for categorized oils under
certain environmental conditions. Hardware and systems require refinement
and demonstration.
Research results from Canadian studies and analyses in the study
reported on herein explain much of the poor and sporadic succe. ; of this
application of burning. Examination of existing combustion promoters
establishes no single system as totally satisfactory. It is not evident
that combustion promoter manufacturers have deliberately set out to raise
the radiant heat capture back to the pool fire of the oil slick. It is
suggested that if the radiant heat capture at the pool could be raised by
about 1% many more oils could support or sustain combustion.
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The effects of ignition of the pool by temperature and wind have been
quantified and illustrated using a light Arabian crude oil. The evaporation
of volatile fractions and resulting changes in the remaining oil fraction's
heat of combustion and heat required for vaporization can be used to estimate
likelihood of combustion. Demonstration of the use of a "weathering chart"
(Figure 1) facilitates assessing an oil slick of known weathered age which
can be evaluated on its percent combustibility. Another use of this chart
allows the observation that, without combustion promoters being employed
after a determined time, combustion will not be possible under the given
wind condition. The ignition analysis was further expanded to derive a
relationship between lower flammability limit and number of carbon atoms in
a compound from which flash points of oil fractions could be computed. Once
flash points are known for each decile fraction of the oil, heat flux required
for ignition can be determined. For the examined Arabian light oil, this
ignition value was determined to be in the range of 0.012 to 0.06 cal/sec-cm
of pool surface. This heat flux compares to solar radiation at 0.02 cal/sec-cm^
and glowing embeds at 1 cal/sec-cm . Further consideration of transient heat
requirements provided the estimated ignition heat necessary to sustain
combustion. This can be met by either short high energy bursts or longer
exposure of the pool to lower energy fluxes.
Trends on the effects of combustion of pools (slicks) of the Category 1,
2, and 3 oils by oil thickness, ambient temperature, exposure time, and wind
velocity are shown in Figures 2 through 5.
The tools currently available within the U.S. to implement a burn of oil
on water are at a poor state of development and readiness. Reasonably heavy
patent activity has not resulted in any commercially available systems at
present, with the exception of a few products being offered as wicking agents.
Techniques and systems examined included:
a.

Oleophilic wicking agents alone and in combination with other materials,

b.

Sorbents that provide insulating properties,

c.

Hydrophobic insulating materials,

d.

Volatilite additive or primer materials,

e.

Hydroigniting agents alone or in combination with agents noted above,

f.

Laser or other activation energy additives,

g.

Floating furnaces and incinerators,

h.

Fuel resistent booms alone or in conjunction with radiant heat reflectors,
and

i.

Sinking agents in conjunction with burning.
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Examples of the use of this chart are:
1. A pool of Arabian light has weathered for 100 hr (6000 min) in a
wind of 1 m/s.
- Enter at "A" and observe that the oil remaining still has a
positive net heat in slightly more than 15% of the oil volume
remaining.
- Therefore, if sufficient heat can be introduced to ignite the
pool, about 10% to 15% can be expected to burn before
extinction.
2. A pool of Arabian light is known to exist.
- Enter at "B" and observe that without primers or combustion
promoters oil spill mitigation by combustion is not possible
after 416 hr (24,960 min) of weathering in a 1 m/s wind.

FIGURE 1.

Effects of Weathering on Oil Combustibility ( Arabian Light)
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Cleanup contractor, Federal response and state and local personnel, as
well as Industry, appear to be totally uninterested in and ill prepared to use
the concept. Federal Regulations (40 CFR 1510) provide no guidance on
acceptability of prouucts or efficiency expected other than that case by case
determinations will be made by the OSC on the use of burning agents. Manufacturers and Federal agencies have had a poor record of demonstrating the
practical use of the concept employing the available technology. Specialists
have advised that without the guidance of experienced pyrotechnic personnel
it is understandable that the demonstrations have been poor. However, optimism by Canadian Government and industry personnel has been shown for use of
oil spill combustion on ice, in snow, and in ice-infested waters. Techniques
for burning water-in-oil emulsions have also been shown as successful.
Conditions which appear to favor the concept of burning oil released
upon water are suggested below in reference to other options:
Limited Time Available
•

other options - require extensive equipment and manpower deployment,
causing some delays ranging from days to weeks

• burning - responses can be very quickly conducted with results
immediately known in terms of hours and days
Manpower Required
% other options - physical removal is heavy labor intensive;
handling of people, chemicals is not labor intensive
•

burning - limited staff required to administer the burn - less
than 50

Equipment Involved
• other options - extensive equipment available and used for physical
removal and expendable material is used
• burning - can be very limited to moderate; development needed not much commercially available
Major Spills
» other options - experie »ce demonstrates that new tools are needed
•

burning - yet to be shown; commercial availability low development needed
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Light, Fresh or Oils with Positive Net Heat, e.g., Gasoline Grades
»

other options - chemical techniques can be effective, but little
gained by other techniques due to volatility, density, and viscosity

•

burning - shown to be combustible and pollution minimized

Ice Conditions
•

other options - essentially inadequate

• burning - very effective, especially in confined areas
Moderate to Calm Seas
• other options - physical and other materials feasible
• burning - appears effective, but development needed
Safety of Response Personnel
•

other options - more people, movement and handling; potential for
accidents rise; moderate to severe weather, hazardous

• burning - fewer persons, less immediate contact with oil, remote
burning feasible, but not demonstrated, less chance for injury
possible
Costs
« other options - can be high, but recovered oil reduces total cost
• burning - potentially low cost if value of time and environmental
danger is weighted more than recovered oil
Remoteness of Property and Population
• otht: options - can cause logistic problems for equipment and
personnel recovering oil
• burning - allows free burning ideally with minimal damage potential
Military and Related Technology Transfer
• other options - other than. Navy experience (published) little
anticipated
• burning - use of incendiary and delivery systems possible for
civilian application
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The use of combustion to handle oil-contaminated debris (flotsam and
jetsam) washed ashore was evaluated. Other USCG studies have considered this
aspect in more detail. The feasibility in 1979 of using this technique is
proven, and there is considerable equipment and technology available for optimal utilization.
A brief examination of frequent oil spill sites compared to
existing municipal incinerators indicates that, with the exception of the West
Coast, facilities could be available. Objections to use of the facilities
will require regional cooperation. A listing of commercial waste incinerator
facilities was compiled along with brief descriptions of equipment. With
the technology as advanced, compared to the previous two applications of
combustion, it is unfortunate that many state and local bodies are not in
favor of combustion of debris but prefer land disposal.
The conditions and circumstances which appear favorable to the burning
of oil-contaminated debris are noted below:
Land Availabilty
•

other options - require extensive area for farming or burial and
some preparation

•

burning - small site required; can be existing facilities

High Groundwater Table
•

other options - burial unacceptable in some areas

> burning - debris cai. be burned on site
Heavy Precipitation
•

other options - earth moving slow and difficult

• burning - once burning is initiated only most severe weather would
hamper disposal
Permanent Solution Needed
» other options- land farming with time can be permanent, but burial
is potentially just storage
» burning - regarded by all authorities as most permanent
Health and Safety
• other options - odors, erosion, flooding, or other changes can
endanger health
t burning - dead wildlife, other disease vectors are handled and
delayed hazards prevented; no proved health hazard from oil spill
burning.
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Energy Recovery
•
«

other options - only if oil is recovered and separated at much cost
burning - used as coal pile additive or in recovery incinerator
advantages known

Bulky Debris
•

other options - not amenable to burial or land farming without
extensive preparation (days)

•

burning - with limited preparation (hours) can be handled with
portable equipment

Limited Transportation Available
• other options - delays to reach suitable burial or farming areas
» burning - can be conducted on site
Beach Sand Needed in Place
• other options - detergents can be used, but aquatic toxicity
increased
• burning - manual or automated equipment has been used to process
sand on site; some residual ash anticipated

5.

ETHICS OF USING OIL BURNING

The ethics question is, if the oil combustion technology concept is
practical, should it be used? By carefully examining the concerns of responsible
officials and discussing some of the economic conditions issues have been
defined. Examination of the reasons for and against using burning as an oil
spill response tool establishes a framework for defining an ethic.
It is suggested that the ethics of using combustion as on oil spill
mitigation tool must be evolved from reactions as illustrated in Figure 6.
The actions taken by a decision maker such as an OSC will be defended by
his judgment, specific conditions, use of technology, and his authority.
Many conflicting priorities and demands will influence his decision and those
parties making the demands will evaluate and react to hig determination. The
right or wrong of the decision will be determined long after the oil spill
incident is concluded. The guidance offered here is intended to increase the
decision maker's awareness of potential concerns of others and to provide
substance from which he may establish a rationale for using or not using the
combustion tools available.
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Ethics of Using Combustion as an Oil Spill Mitigation Tool
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The ethical use of the oil burning spill response action has been
summarized into eight issues, listed in Table 2. Arguments for and against
burning suggested that there can be a very solid and defensible ethical
basis for including combustion in the arsenal of oil spill mitigation tools.
The acceptability of this ethic is low, owing to lack of demonstrated technological success and to potential inflexibility among environmental policy
makers. Both wilj. be overcome by technology development investments and
by education based on results of generic environmental impact studies.

TABLE 2.

Issues to Establish an Ethic

Issue 1 - Authority: for success in an oil spill response, there must be
leadership which is clearly recognized, accepted, and justified as
technically and administratively competent by all parties.
Issue 2 - Action: for success in an oil spill response, the speed of
implementing activites should meet or beat the time required for
the adverse effects to take place.
Is~- . 3 - Logistics: for success in an oil spill response, experienced
manpower and reliable equipment and supplies with appropriate backup support must be readily available.
Issue 4 - Safety: for success in an oil spill response, the personnel
responding should be provided the maximum safety and health protection under the circumstances.
Issue 5 - Environmental/Health: for success in an oil spill response,
wildlife, property, and man's health must be protected.
Issue 6 - Costs and Property Values: for success in an oil spill response,
greater attention must be given cleanup expenditures in the context of
values of property to be protected (including total environment) and
values of property to be lost.
Issue 7 - Energy Recovery: for success in an oil spill response, petroleum
shortages and conservation policies prescribe that the oil should be
recovered, reprocessed, and used.
Issue 8 - Permanent Solution: for success in an oil spill response, no
secondary problems in treating, handling, or disposing should arise.
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6.

DECISION GUIDANCE FOR USE OF COMBUSTION

The technology has been examined for using combustion to reduce the
volume of oil cargo in a stricken tanker and reduce the pollution potential
for oil released upon water and for contaminated debris (flotsam and jetsam).
Three decision trees have been prepared which summarize the findings of this
study for: burning oil in situ tanker, burning oil released upon water, and
burning oil-contaminated debris.
Several guidance statements apply to each of the three conditions
examined. Oils can be classified by their likelihood of slick combustion into
at least three categories, based upon heats of combustion and heats of
vaporization. It appears that combustion as an oil spill mitigation tool
becomes technically feasible if:
•
t

•
•
•
•
•
•
t
•
•
•
»

6.1

The subject oil classifies in the first or possibly second category.
Response action is taken within hours after oil is released.
Such imminent and substantiated danger exists that intervention is
justified.
The burning site is remotely located from population.
Weather is expected to change for the worse, precluding successful
completion of other alternatives.
The volume of oil is beyond the capacity and capability of other
response methods.
Salvage operations are questionable or abandoned.
Groundwater is too high to permit land fill burial of debris.
Quantities and bulky characteristics of debris make land farming too
costly.
Local authorities will permit burning debris.
Personnel experienced in oil burning and necessary equipment and
material are on scene or available within hours.
Because of age or damage the vessel is expected to be lost or at
best scrapped.
Vessel stability, weather, and cargo pose an unreasonable risk to
responding personnel.
GUIDANCE FOR IN SITU BURNING

As illustrated in Figure 7, the decision to burn oil in situ tanker
can be complex. Beginning at the top of the figure, the rapid notification
of the incident, within hours of occurrence, has been observed to be significant in ensuring a successful response action. Oil burning in situ in a
tanker is a serious undertaking and the decision maker bears an ominous
responsibility. Therefore, a careful examination of the pollution threat
must be made; if it can be determined that the release is imminent and the
damage would be catastrophic, burning may be justified. Under all circumstances where the Federal Government decides to invoke the Act of Intervention, it must be adequately justified not only to authorities in the
United States but also to international authorities, if that is appropriate.
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FIGURE 7,

Options and Actions in situ Tanker Oil Burn
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Tradition of the sea such as "No Cure - No Pay" has developed the manner
in which the marine salvage operators conduct their activity. Recognizing that
no salvage operation is conducted as an emergency response but rather as a
carefully thouf' t-out plan, the appropriateness of in situ burning may hinge
upon the salvor's expertise, his availability, and his desire for success.
Vessel location becomes significant because of the potential for explosion and other safety considerations which may alarm populated areas. Based
on the unfortunate incident occurring in Texas City (1949) where ammonium
nitrate cargo exploded, it is reasonable to consider that burning should not
be attempted in the U.S. closer to shore than 3 miles except under request
bv states. If the vessel is farther than 3 miles from shore, the sea state
is such that at least half of the decks are above water and opening the
tanks would not cause additional flooding, then burning may be possible.
The tanker Burmah Agate burned off the coast of Galveston, Texas for
almost six weeks at a distance of 8 kilometers with few complaints from
local residents.
Vessel stability and structural integrity should be appraised; if
the vessel is in a precarious position or if uneven burning would cause it
to sink or capsize, burning is of doubtful value. Since the burning rate
is limited, evaluation should be made to ensure that the vessel would stay
afloat long enough for the in situ burn to take place. Studies on large
scale model tanks indicate that 5 days would be needed to burn oil cargoes
in contemporary tankers.
Freeboard is an important consideration for in situ burning, based on
studies indicating that side vents are necessary to maintain a high burning
velocity. Information has yet to be produced which would demonstrate for the
VLCC- or ULCC-sized tankers that multiple deck openings would not be sufficient
alone to provide the oxygen necessary to ensure combustion. Side vent openings
may be a techniqu3 which will by necessity be. delayed in its application until
sufficient oil is burned to allow the vessel to rise in the sea and expose
more hull area. The deck opening is an obvious requirement for any in situ
tanker burn. At least 10% of tha horizontal cross-sectional surface area
of the oil must be exposed by deck removal. There were no deliberate openings
in the deck of sides of the Burmah Agate, but the burning rate is not known
at this writing.

6.2

GUIDANCE FOR BURNING OIL RELEASED ON WATER

Knowledge of the type of oil, quantity, thickness, and age is essential
to the evaluation of potential combustibility. As shown in Figure 8, quantitative decision points are given which are derived from information contained
in the study (Thompson et al., 1979). The combustibility of the oil must be
considered in reference to spill site location.
Among the advantages which burning offers is timeliness; if the
responding personnel are unable to effect the burn quickly much of its
usefulness is lost. The weather can t.ork both for and against burning.
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FIGURE 8.

Oil on Water Burning Evaluation
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Unstable weather may not allow sufficient time to implement nonburning techniques. However, without additional technological evolution, the available combustion systems are also limited by severe weather. A key to the successful
burn is selection and deployment of combustion promoter systems (not just
wicking agents, which are designed to take advantage of the class of o i l ) ,
the location, and the meterological conditions. At present, these systems are
required to be discussed by the OSC and his advisors during the incident.
Since there is some additional degree of risk created by using a
response technique which is potentially faster and less costly, special attention
must be given to response personnel qualifications and readiness of equipment
as well as local firefighting capabilities. Consultation and even mission
assignment to local firefighting companies may be feasible during proper
contingency planning, which would allow these specialists to be involved
and on standby if an unforeseen situation developed. Approvals should pose
no problem if the OSC is effectively using a regional or local response
team consultation technique as defined in the National Contingency Plan
(40 CFR 1015).

6.3

GUIDANCE FOR COMBUSTION OF OIL-CONTAMINATED DEBRIS

Debris requiring disposal as a result of oil contamination can range
from beach sand to large bulky objects and wildlife and cleanup materials- As
shown in Figu're 9, after an oil spill has been reported another element of
importance is the direction in which the oil moves. If the oil is washing
ashore or is anticipated to wash ashore, the debris disposal problem is
created. Onsite observation during the ARGO KERCHANT incident demonstrated
the concern for handling deLris, as there was literally a small army of
personnel standing by in case the oil sii.ould head for shore. At that time,
the type of oil became significant relative to the burning option.
Because of local ordinances and Federal standards on air emissions and
for reasons pertaining to the use of existing incinerator facilities, the
sulfur content of the oil is important. The quantity of the oil is significant
from the standpoint of the demands on men and material as well as logistics
involving transportation and disposal areas. Three hundred and fifty tons of
oil is regarded as a major marine oil spill. It is reasonable, therefore, to
consider a spill of less than 350 tons to be amenable to onsite handling
unless there were extenuating circumstances. Onsite combustion should be
immediately initiated; equipment must be available and in operation within
24 hours if that response is to be effective. Offsite combustion facilities,
such as municipal incinerators, power plants, commercial industrial incinerators, etc., are listed in other references and their availability should be
determined. However, the burning option is of no value if stringent local
ordinances do not permit combustion.
Beach sand which has become heavily oiled poses a rather unique problem
which can be handled both onsite and at another location, depending on the
amount of oil discharged. None of the combustion systems can be fully satisfactory on a beach used for recreation, however, because of the resulting ash
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and oil residue. Work is under way in the U.K. to make available a steam
stripper/oil-water separator which avoids this problem.
Materials such as large objects in shoreline debris and dead wildlife
may be handled using onsite brush burner type equipment; for large concentrated
quantities of materials, transportation and processing in existing combustion
facilities may be the option. For the existing facility option to be viable,
transportation must be carefully evaluated. Because delays in transport
cculd reintroduce oil from the contaminated debris into the water, a 25%
excess volume in the transportation system should be available. It is desirable that the combustion facilities be located no farther than 2 hours by truck,
2 days by train, and 4 days by barge. These times are significant because
of cost and the transportation system's availability to have equipment tied
up for period of time. If this transportation system is not available, or
the combustion facilities are not within that range, onsite combustion or
transportation for local land applications should be strongly considered.

7.

MEEDS OF OIL COMBUSTION REASEARCH AND TECHNOLOGY DEVELOPMENT

The research and technology development needs in oil combustion are
extensive, and therefore only a brief reference to the types of work is
included. These observations are based upon the conclusion that there are
times and circumstances where combustion, used in place of current techniques, offers advantages of safety, speed, economy, and environmental protection. Several groups of specialists expressed the desire that a central
research coordination function be established to enable basic fire research
interests and pollution abatement interest to avoid duplication of efforts.
This discussion is divided into: 1) research data which should be gathered
and published, and 2) technological concepts which should be developed and
evaluated.

7.1

RESEARCH DATA GAPS

This study has revealed that additional measurements and/or publication
of the following information would be of significance to those persons interested in using combustion as an oil spill mitigation tool.
•

Confirm measurements of heat of combustion and heat required for
combustion (cal/g) with time of combustion for a sufficient number
of crude oils and fuels to enable relationships to be predicted.

•

Measure large-scale hydrocarbon pool fire (20 to 60 m diameter)
radiation back to pool under a variety of flame conditions and
geometry.

•

Measure ignition and fire points as a function of weathering (selected
volatile fractions missing) and also under documented variable environmental conditions and include assessments of oxygen limitations for combustion of confined and unconfined pool fires.
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Measure large-scale pool fire ignition using intense high-energyreleasing (incendiary) type combustion promoters and sustained
lower energy releasing combustion promoters.
Measure large-scale pool fire heat transfer to confirm findings of
late-1950's research and to validate small pool fire observations.
Develop practical understanding of the rate and extent of emulsion
forming mechanisms with the view that this understanding would aid
oil spill response including combustion efforts.
Develop empirical data to correlate combustibility with "breakeven
point" data; i.e., where should the boundary be between Category 1,
2, and 3 for most oils.
Conduct sufficient health-related investigations to establish a factual
basis for air pollution concerns or lack thereof when oil burning is
to be considered.
Develop theory and verify effects of altering oil slick radiant energy
absorptivity, e.g., using carbon black.
Develop the relationship and produce data which could be used for
approximating the "activation" energy necessary to ignite and sustain
the combustion of an oil which is amenable to burning under a variety
of environmentfl conditions.
Develop sufficient data on hazardous materials and substances other
than oil to enable the burning option to be safely considered for
response or justifiably rejected.

7.2

TECHNOLOGY DEVELOPMENT

The study reported on here documented the state-of-the-art of several
technological areas and assessed the commercial availability of such technology.
Concepts to be individually examined as candidat J for application in oil
spill burning are noted below.
,

Test munition systems systematically for both in situ tanker and oil
on water combustion. The Canadian air-deployable incendiary study
should serve as a basis.

»

Demonstrate the feasibility of using precision guided conventional
missiles to puncture and ignite oil in tankers as a completely remotely
directed and rapidly implemented response.

•

Demonstrate safe and effective deployment of explosives aboard ship
to open decks, side vents, and ignite the cargo with the view that
salvage type personnel may implemei t such technology.
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Demonstrate the safety and effectiveness of using offloading flares,
taking advantage of experience of France, South Africa, and the
United Kingdom: a) flares which would be emergency installed and
used during the incident; b) flares which could be part of the
vessel's equipment; and c) existing procedures and equipment used
by marine salvors should be modified and demonstrated for successful
flare application.
Demonstrate the effectiveness of barrier or combustion promoter designs
which would increase the radiant energy reflected back to the pool.
Demonstrate effectiveness of systems which could minimize the spreading
of oil under burning condiLions.
Demonstrate the use of commonly available fertilizers and hydrocarbons
to serve as combustion promoters, such as ammonium nitrate/diesel fuel
for oxidizer explosive;-, to lie used in controlled burns.
Revise USCG "CHRIS" manuals to include oil classification data for
burning and steps Lo achieve oi 1. combustion.
Demonstrate the effectiveness of physical/chemical means of rapid
ignition, e.g., spontaneous combustion materials, lasers, tactical
weapons, or other means of compact energy addition to allow oil
combustion in situ in tankers or on water.
Demonstrate the effectiveness of removal or modification of the
emulsification potential of oiI cargoes to reduce "chocolate mousse"
formation from oil released on water.
Demonstrate the effect of a surrounding rim on the combustion of large
pool fires.
Demonstrate the effectiveness of small- to medium-size air or vessel
deployable, self-contained, and remotely operated floating oil spill
combustion systems which derive, in r a r t > their power from the oil
spill combustion.
Demonstrate the harm or lack thereof to municipal facilities by infrequent incineration of oil-contaminated debris with a variety of oils
and mixture ratios.
Develop and demonstrate the effectiveness of intertidal or littoral
zone burning where 80% water exists in emulsion using high ignition
energy composite wicking agent combustion promoters.
Demonstrate the relative effectiveness of combustion promoters such as
wicking agents which are designed and deployed to produce several small
independent fires versus the conventional approach of one fire.

Demonstrate the quantitative effect of optimal wieking agents on the
amount of heat of combustion received by the pool, i.e., relationship
of. &- to wicks used.
Demonstrate the use of an emulsion breaker (heater-treater) fueled, in
part, by removed oil and/or debris in beach cleaning operations.
Given the ranges of "activation" energy necessary to ignite and sustain
an oil burn, demonstrate the most cost effective, safe, and efficient
delivery systems noted from research of principle above.
Demonstrate the most effective deck-venting procedure for VLCC and ULCC,
updating 1970 U.K. work on small tanks which required side vents to
ensure combustion oxygen.
Demonstrate an oil/water-soluble micro-encapsulated ignition agent/
combustion promoter to sustain aged Category 2 and Category 3 oil
burns.

8.

CONCLUSION

The concept of burning oil has been shown to have potential technical
and economic merit. However, burning oil cannot be readily employed without
additional developmental investment and public education. Therefore, responsible
officials should include the concept in the spill response arsenal and use this
report as a basis of guidance until systems and commercial expertise are
routinely available. As shown in Figure 10, the decision maker and the
acceptability will continually shift depending upon the incident and the
public support.

00

SPILL MITIGATION TOOLS

PUBLIC SUPPORT

FIGURE 10. Acceptability of Combustion: An Oil Spill Mitigation Tool
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A PROGRAM TO ASSESS THE EFFECTS OF
EXTRAORDINARY ENVIRONMENTS ON
RADIOACTIVE MATERIAL SHIPPING SYSTEMS*
Robert P. Sandoval
Robert T. Reese
Sandia National Laboratories
AT buquerque, NM

Introduction
This paper reviews the highlights of the Transportation System
Safety Evaluation (TSSE) Program at Sandia National Laboratories
and briefly outlines the origins or the program, the relationships
to other programs addressing safety concerns, and the work currently underway to assess the effects of extraordinary environments
on nuclear material shipping systems.
The TSSE program was initially developed and funded by the
Department of Energy, Division of Environmental Control Technology
(DOE/ECT) as the "Package Failure from Malevolent Acts" program.
This initial program was directed at determining the possible
effects that a malevolent act could have on a spent LWR fuel shipping container.
When it was determined that with significant
effort, equipment, skill, and opportunity a cask could be breached,
then the program was redirected to assess the effects of possible
malevolent acts on the contents and packagings. The assessment is
concerned with the radiological hazards to the public resulting
om a release of radioactive material. Subsequently, the Nuclear
.egulatory Commission (NRC) sponsored a risk assessment study of
nuclear material transportation in urban areas (The Transport of
Radionuclides in Urban Environs: A Working Draft Assessment, SAND
77-1927, May 1978, hereafter known as the Urban S t u d y ) . That study
indicated significant consequences to the public could occur assuming certain quantities, sizes, and types of radioactive materials
were released from a spent fuel cask subjected to a malevolent act.
The assumptions are upper limit estimates of aerosol releases to
the environment that are not supported by experimental evidence
and require optimal placement of energy intensive d e v i c e s .
While it was indicated that such an event is highly unlikely,
the NRC enacted an interim set of regulations to provide physical
security in transit for spent fuel. These interim regulations may
be modified based on the results of an NRC-sponsored experimental
program to determine the bounding estimate for a malevolent act
directed at the container and contents.

•Prepared by Sandia National Laboratories for the United States
Department of Energy under contract DE-AC04-76DP00789.
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The TSSE program will provide a realistic and experimental
evaluation of the released materials (source t e r m s ) and the resulting consequences which is essential in determining the level of
protection offered the public and the degree to which routing
restrictions might be required for such s h i p m e n t s . While the TSSE
and NRC programs are separate e n t i t i e s , they are complementary.
Their interaction will be explored in a later section of this paper.
In addition to the effects caused by possible malevolent a c t s ,
it was determined that for other extreme c o n d i t i o n s (such as those
related to extra severe t r a n s p o r t a t i o n accidents) that sufficient
source term data was not available for d e f i n i t i v e statements regarding public risk. The experimental data obtained on the type and
form of r a d i o n u c l i d e s that could be released will be used as a data
base for risk assessments and radiological consequence e v a l u a t i o n s .

Work Breakdown Structure of the TSSE Program
The TSSE is a subprogram of the Transportation Technology
Center (TTC) at Sandia National Laboratories ( S N L ) . The TTC was
established in October 1978 to serve as a focal point for DOE
nuclear t r a n s p o r t a t i o n program management a c t i v i t i e s . Assuring the
safe and efficient transport of nuclear m a t e r i a l s is the primary
m i s s i o n of the TTC.
The TTC activities are divided into four principal areas shown
in Figure 1. They are the Technology and Information Center, Systems D e v e l o p m e n t , T e c h n o l o g y , and Institutional Issues. The Technology and Information Center addresses the needs for nuclear waste
t r a n s p o r t a t i o n information and its d i s s e m i n a t i o n . The Systems
D e v e l o p m e n t area contains activities and elements required to support t r a n s p o r t a t i o n systems needed for specific DOE-funded defense
and commercial nuclear waste p r o g r a m s . The Technology area, of
which the TSSE program is a part, addresses the generic technical
data needs for nuclear transportation s y s t e m s . The Instutional
Issues area is devoted to defining and assessing issues that may
affect the timely development of transportation capabilities required to meet the nation's n e e d s .
The TSSE program is presently comprised of two major areas:
(1) the extreme e n v i r o n m e n t s related to possible a c c i d e n t s , and (2)
the intentional acts activity. Both activities are concerned with
d e t e r m i n i n g the quantity and c h a r a c t e r i s t i c s (aerosol and unsuspended) of r a d i o a c t i v e m a t e r i a l s that could be released from a spent
fuel shipping c o n t a i n e r subjected to extreme environmental conditions (either accident-related or intentionally p r o d u c e d ) .
The first activity is concerned with determining the release
of r a d i o n u c l i d e s from spent fuel shipping systems under extreme
environmental c o n d i t i o n s . These extreme environments could include
high t e m p e r a t u r e s , high strain r a t e s , and high impulse loadings

Figure 1. Work breakdown structure of the Transportation Technology Center.

J^OJ
Transportation Technology Center

j Planning, Budget & Coordination

X

Tl'T

1.21

Technology &
Information Center

Systems Development

Trrrr

r

Public Information
1 1

TT.T

Defense Waste Package &
Transportation Systems

O

Policy Information

L

1.2.21

X

X

1.3 ,

Technology

Institutional Issues

1.3.IT

1.4.1 1

Unified Methodology &
Interfaces Technology

Problem & Policy
Identification

1.3.2

X

1.4.2 T X

Domestic Fuel Cycle
Transportation Systems

Licensing & Data Base
Methodology

Organizational &
Social Issues

Technical Information

1.2.3 |

1.3.31

1.4.ITI

1.1.41

Advanced Reactors
Transportation Systems

Transportation Systems
Analysis & Test

1.2.4)

1.3.4T

International Fuel Cycle
Transportation Systems

Transportation System
Safety Evaluation

1.173T

I

Computerized Data
base Development

X

1.2.5|
Logistics Assessments

X

Risk Assessment

592

s u c h as t h o s e r e s u l t i n g from extra s e v e r e t r a n s p o r t a t i o n a c c i d e n t s .
The s e c o n d is i n v o l v e d w i t h d e t e r m i n i n g the q u a n t i t y and c h a r a c t e r i s t i c s of radi onucl ides t h a t c o u l d be r e l e a s e d from spent, fuel
t r a n s p o r t s y s t e m s s u b j e c t e d t o an i n t e n t i o n a l act such as t h o s e
p o s t u l a t e d in the U r b a n S t u d y .

Extreme Environments

Activity

T h i s a c t i v i t y a d d r e s s e s the f o l l o w i n g o b j e c t i v e s :
(1)

T o o b t a i n a data base of m e a s u r e d r a d i o l o g i c a l s o u r c e t e r m s
p r o d u c e d in e x t r e m e e n v i r o m e n t s i n v o l v i n g s p e n t f u e l .

(2)

T o o b t a i n t h e r e s p o n s e of s h i p p i n g s y s t e m s for n u c l e a r m a t e rials to extreme e n v i r o n m e n t s .

(3)

To r e l a t e the r e s p o n s e of p a c k a g e s and fuel i n v o l v e d in t h e
extreme environments to possible accident c o n d i t i o n s .

(4)

T o e v a l u a t e t h e r a d i o l o g i c a l h e a l t h and e n v i r o n m e n t a l
quences to the public.

conse-

In o r d e r a c h i e v e t h e s e o b j e c t i v e s , it is f i r s t n e c e s s a r y t o
d e t e r m i n e w h a t c o n d i t i o n s c o u l d be used t o d e f i n e " e x t r e m e e n v i r o n m e n t s . " E x t r e m e s of p r e s s u r e , t e m p e r a t u r e , s h o c k , and v i b r a t i o n
a r e e x a m p l e s of c o n d i t i o n s to w h i c h p a c k a g e s and c o n t e n t s c o u l d be
e x p o s e d . The e m p h a s i s in t h i s area is to d e t e r m i n e the f a i l u r e
l e v e l s and f a i l u r e m e c h a n i s m s for s p e n t fuel and p a c k a g e s . F a i l u r e
level is d e f i n e d as t h a t m e a s u r e d level of the c o n d i t i o n ( p r e s s u r e ,
t e m p e r a t u r e , e t c . ) at w h i c h a r a d i o l o g i c a l r e l e a s e o c c u r s . With
t h e r e s p o n s e of t h e s p e n t fuel and p a c k a g e s t o s p e c i f i e d r a n g e s
of e x t r e m e e n v i r o n m e n t s d e t e r m i n e d , then t h e r e l a t i o n s h i p s t o p o s s i b l e a c c i d e n t c o n d i t i o n s can be e s t a b l i s h e d . S i n c e t h e t e s t c o n d i t i o n s i n v o l v i n g s i m u l a t e d a c c i d e n t s and t h e t e s t s for the r e g u l a t o r y r e q u i r e m e n t s h a v e shown that no r a d i o l o g i c a l h e a l t h h a z a r d
w o u l d r e s u l t , t h e only d e f i n i t i v e m e t h o d to a s s e s s the level of prot e c t i o n o f f e r e d the p u b l i c is to s u b j e c t the s p e n t fuel and c o n t a i n e r s t o e n v i r o n m e n t s of s i g n i f i c a n t l y g r e a t e r i n t e n s i t y . This p r o c e d u r e m i n i m i z e s t h e need to s t a g e e x p e r i m e n t s t o m o d e l w o r s t - c a s e
s c e n a r i o s but r e q u i r e s a n s w e r i n g t h e q u e s t i o n , "What e n v i r o n m e n t
d o e s t h i s s c e n a r i o i m p o s e on the m a t e r i a l ? " W h a t e v e r c o n d i t i o n s
a d v a n c e d c a n be r e l a t e d to p a r t i c u l a r l e v e l s of p r e s s u r e s , s t r a i n
r a t e s , e t c . f o r t h e f u e l , p a c k a g e and fuel p a c k a g e i n t e r a c t i o n
w h i c h in t u r n is b a s e d on e x p e r i m e n t a l d a t a .
C u r r e n t l y u n d e r w a y at R a t t e l l e M e m o r i a l I n s t i t u t e , C o l u m b u s
L a b o r a t o r i e s ( B C L ) , C o l u m b u s , O H , is a s t u d y t o d e f i n e t h e basic
f a i l u r e m e c h a n i s m s for s p e n t fuel s u b j e c t e d t o e x t r e m e c o n d i t i o n s .
T h e i n i t i a l e m p h a s i s in t h i s s t u d y is on d e t e r m i n i n g the t h r e s h o l d s
at w h i c h a s o u r c e t e r m w o u l d r e s u l t for a s p e n t fuel e l e m e n t s u b j e c t e d to h i g h t e m p e r a t u r e s and high m e c h a n i c a l s t r e s s e s f o r a
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g i v e n p e r i o d of t i ^ e . W i t h a m o d e l d e v e l o p e d w h i c h c o n s i d e r s t h e
a p p r o p r i a t e p a r a m e t e r s n e c e s s a r y t o d e s c r i b e t h e d i f f e r e n t t y p e s of
fuel ( B W R / P W R , c l a d d i n g , h u r n u p , a g e , e t c . ) , t h e n s e l e c t e d t e s t s
will be p e r f o r m e d to v e r i f y t h e m o d e l . T h i s e x p e r i m e n t a l l y b a s e d
m o d e l will be i n c o r p o r a t e d i n t o e x i s t i n g a n a l y t i c a l m e t h o d s f o r
c o n t a i n e r s s u b j e c t e d to h i g h t h e r m a l and m e c h a n i c a l l o a d i n g s .
T h e r e f o r e , w h a t e v e r s c e n a r i o can be d e v e l o p e d f o r a c a s k and fuel
i n v o l v e d in an a c c i d e n t can be a n a l y z e d w i t h m e t h o d s b a s e d on exp e r i m e n t a l e v i d e n c e . T h i s t y p e of a n a l y s i s w i l l p r o v i d e a c l e a r e r
i n d i c a t o r to t h e p u b l i c and r e g u l a t o r y a g e n c i e s of t h e a c t u a l p r o t e c t i o n offered the public.
In a d d i t i o n to t h e w o r k on the r e s p o n s e of fuel t o t h e r m a l
and m e c h a n i c a l c o n d i t i o n s , BCL is a l s o e v a l u a t i n g o t h e r e n v i r o n m e n t s t h a t c o u l d be r e l a t e d to e x t r e m e a c c i d e n t s and i n t e n t i o n a l
a c t s . T h i s e v a l u a t i o n of BCL i n c l u d e s a s s e s s m e n t of r e c e n t t e s t
r e s u l t s on f u e l s and p a c k a g e r e s p o n s e .

Intentional Acts activity
T h e m a j o r c o n c e r n o f t h i s a c t i v i t y is t h e s a f e t y o f f e r e d t h e
p u b l i c by r a d i o a c t i v e m a t e r i a l (RAM) t r a n s p o r t s y s t e m s in t h e e v e n t
of s a b o t a g e . T h i s a c t i v i t y d o e s not a d d r e s s t h e d e t e r m i n a t i o n o f
t h e p r o b a b i l i t y of s u c h an e v e n t ( w h i c h N R C c o n c e d e s is q u i t e l o w ) ,
but e v a l u a t e s t h e p o s s i b l e h e a l t h and e n v i r o n m e n t a l c o n s e q u e n c e s
r e s u l t i n g f r o m s u c h an a c t i o n . In o r d e r t o e v a l u a t e t h e r e s u l t i n g
r a d i o l o g i c a l c o n s e q u e n c e s , t h e f o l l o w i n g i n f o r m a t i o n is n e e d e d :
(1)

A d e f i n i t i v e a s s e s s m e n t of t h e t y p e s of e n e r g y i n t e n s i v e
d e v i c e s , e x p l o s i v e s , e t c . , t h a t c o u l d f e a s i b l y be u s e d by a
s m a l l g r o u p of s a b o t e u r s w i t h s u f f i c i e n t , but l i m i t e d , o p p o r t u n i t y to breach a c o n t a i n e r .

(2)

An e v a l u a t i o n of t h e r e s p o n s e of p a c k a g e s t o t h e s e e n e r g y
intensive devices.

(3)

An e x p e r i m e n t a l d a t a b a s e of t h e m e a s u r e d s o u r c e t e r m s t h a t
c o u l d be r e l e a s e d f r o m t h e p a c k a g e s c o n t a i n i n g s p e n t fuel s u b j e c t e d to s u c h a t t a c k s .

(4)

R a d i o l o g i c a l c o n s e q u e n c e e v a l u a t i o n s b a s e d on t h e e x p e r i m e n t a l
data.

I t e m s 1, 2 , and 3 a r e c u r r e n t l y b e i n g a d d r e s s e d u s i n g e x p e r i m e n t a l
a p p r o a c h e s b a s e d on g e n e r i c s c a l e m o d e l s o f s p e n t f u e l s n i p p i n g
c o n t a i n e r s , s c a l e d e n e r g y i n t e n s i v e d e v i c e s ( E I D ) , a c t u a l s p e n t and
s u r r o g a t e f u e l . B e c a u s e of t h e p r o b l e m s and e x p e n s e a s s o c i a t e d
w i t h p e r f o r m i n g t e s t s on i r r a d i a t e d f u e l , a s i g n i f i c a n t e f f o r t is
b e i n g e x p e n d e d t o d e v e l o p a s u r r o g a t e f o r s p e n t f u e l . For t h e t e s t ing to d e t e r m i n e t h e a m o u n t o f fuel a f f e c t e d , p o s s i b l y e j e c t e d and
a e r o s o l i z e d , t h e u s e of a s u r r o g a t e fuel g r e a t l y m i n i m i z e s c o s t l y
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experimental p r o c e d u r e s . C o r r e l a t i o n between the spent fuel and
s u r r o g a t e materials will be established over the ranges of possible
e n v i r o n m e n t s . Item 4 will be incorporated into models based on
RADTRAN II, which is the basic analytical method used for the generic risk model for IAEA.
T h e m e t h o d o l o g y developed as part of the TSSE program will be
extended to evaluate other waste forms including high level w a s t e s ,
c o n t a c t - h a n d l e d and r e m o t e l y - h a n d l e d t r a n s u r a n i c w a s t e s , and other
m a t e r i a l s encountered in the commerical fuel cycle and national
defense transportation programs.
The program approach for the intentional act/spent fuel activity now underway is shown in Figure 2. The program is divided into
six distinct test c a t e g o r i e s , with the o b j e c t i v e of each test category defined as f o l l o w s :
(1)

EID E v a l u a t i o n T e s t s : E v a l u a t i o n and s e l e c t i o n of a range of
energy intensive devices thought to be c a p a b l e of breaching
a spent fuel cask,

(2)

S o u r c e Term Release T e s t s : D e t e r m i n a t i o n of the e x i s t e n c e of
p a r a m e t e r s describing m e a s u r a b l e releases of r a d i o n u c l i d e s
from a c a s k .

(3)

Scaling T e s t s : D e t e r m i n a t i o n of a scaling f u n c t i o n ( s ) to
allow scaling of source term data from small scale tests to a
ful1 seale event.

(4)

F u l l - S c a l e T e s t s : These tests will be performed only if a
s c a l i n g f u n c t i o n cannot be determined in test category N o . 3.

(5)

S u r r o g a t e / S p e n t Fuel C o r r e l a t i o n T e s t s : Development of a corr e l a t i o n b e t w e e n aerosol c h a r a c t e r i s t i c s of u n i r r a d i a t e d ,
d e p l e t e d U 0 ? clad in Zircoloy-4 tubing and that of spent PWR
fuel.

(6)

Spent Fuel T e s t s : Tests to d e t e r m i n e s o u r c e term data in the
event that the results of Item 5 do not prove a c c e p t a b l e .

F i g u r e 2 indicates the critical d e c i s i o n points of the program
p l a n w h i c h will d e t e r m i n e the d i r e c t i o n of the program flow. Figure 2 also shows the program c o n t r a c t o r s r e s p o n s i b l e for each of
the test c a t e g o r i e s . SNL will perform the tests involving the surr o g a t e f u e l , and EG&G/INEL will perform the tests involving irradiated fuel including the surrogate/spent fuel c o r r e l a t i o n t e s t s .
To d a t e the EID e v a l u a t i o n tests have e s s e n t i a l l y been completed and t h r e e types of EID's have been selected based on the
test d a t a . Some of the unclassified results of t h e s e tests will
be d i s c u s s e d later in this paper. The s o u r c e term release tests
of F i g u r e 2 are c u r r e n t l y underway at SNL and the fuel c o r r e l a t i o n
t e s t s are being performed at E G A G / I N E L . These tests are expected
to be completed by the end of 1 9 8 0 . The scaling tests and spent
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Figure 2. Program approach for the intentional act activity of the System
Safety Evaluation Program.
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fuel
year

tests are expected to be c o m p l e t e d by the end of c a l e n d a r
1981.

It was p r e v i o u s l y m e n t i o n e d that the DOE and NP.C s p o n s o r e d
p r o g r a m s were c o m p l e m e n t a r y . It was agreed between the s p o n s o r i n g
o r g a n i z a t i o n s (and the l a b o r a t o r i e s i n v o l v e d ) to e x c h a n g e test
r e s u l t s , c o o p e r a t e in w o r k i n g g r o u p s ( m e a s u r e m e n t s , e n v i r o n m e n t s
d e f i n i t i o n , test p l a n n i n g , and c o n s e q u e n c e e v a l u a t i o n m e t h o d s ) , to
r e v i e w test data and e x p e r i m e n t a l c o n f i g u r a t i o n s , and to e x c h a n g e
c o n c l u s i o n s based on e v a l u a t i o n s of the d a t a . The number of tests
that could be p e r f o r m e d to c o v e r the ranges of p o s s i b l e s i t u a t i o n s
was limited by the e x p e n s e and, t h e r e f o r e , required that each test
be c a r e f u l l y planned and that the data obtained be reviewed from
m o r e than one v i e w p o i n t . It seemed a d v i s a b l e to perform c o m p l e m e n t a r y and not d u p l i c a t i v e t e s t s .
H o w e v e r , t h e r e are d i s t i n c t d i f f e r e n c e s between the two prog r a m s . A c o m p a r i s o n between the NRC program and the D O E - s p o n s o r e d
program is shown in F i g u r e 3. The N R C - s p o n s o r e d Shipping Cask
S a b o t a g e S o u r c e Term I n v e s t i g a t i o n program (at B C L ) is limited to
c h a r a c t e r i z i n g the source term a s s o c i a t e d with the direct v i o l a t i o n
of s h i p p i n g casks by shaped c h a r g e e x p l o s i v e s . The study a p p r o a c h
is to i d e n t i f y a r e f e r e n c e d based incident which will p r o v i d e the
b o u n d i n g case for the c o n s e q u e n c e s of such an e v e n t . The task at
SNL is s i g n i f i c a n t l y b r o a d e r even with the e x c l u s i o n of the program
on e x t r e m e e n v i r o n m e n t s . The TSSE program a p p r o a c h is to p e r f o r m
c o n f i n e d t e s t s on scaled casks c o n t a i n i n g s u r r o g a t e fuel (confined
in the s e n s e of an aerosol c o l l e c t i o n c h a m b e r ) and to conduct full
s c a l e , u n c o n f i n e d tests on casks c o n t a i n i n g s u r r o g a t e f u e l . Both
t y p e s of t e s t s are n e c e s s a r y b e c a u s e of the u n k n o w n i n f l u e n c e that
the c o n f i n e m e n t (wall e f f e c t s ) may h a v e on the f o r m a t i o n of the
u n d i l u t e d a e r o s o l s . As a result of the c o o p e r a t i v e p r o g r a m , the
data o b t a i n e d will be provided to RCL, w h i c h is p r e s e n t l y not planning u n c o n f i n e d tests in the a t m o s p h e r e . The s u r r o g a t e and spent
fuel c o r r e l a t i o n function t e s t s will p r o v i d e p r e d i c t i v e c a p a b i l i t y
for s o u r c e term aerosol data for spent fuel using the s u r r o g a t e
m a t e r i a l s . A sca'ed c a s k / s p e n t fuel test is planned t e n t a t i v e l y
for 1981 to e v a l u a t e and verify these p r e d i c t i o n s .

D e s c r i p t i o n of Recent Tests
It would be a p p r o p r i a t e in this paper to d e s c r i b e some prel i m i n a r y test r e s u l t s and work d o n e r e c e n t l y . H o w e v e r , b e c a u s e of
the s e n s i t i v e n a t u r e of s t u d i e s r e l a t i n g to intentional acts
d i r e c t e d at r a d i o a c t i v e material s h i p m e n t s , test r e s u l t s will not
be d e s c r i b e d in detail in this p a p e r . R a t h e r , an o v e r v i e w of test
h i g h l i g h t s will be p r e s e n t e d without r e f e r r i n g to s p e c i f i c r e s u l t s .
Based on the Urban Study e v a l u a t i o n of intentional a c t s , five
e n e r g y i n t e n s i v e d e v i c e s are being e v a l u a t e d . These are:

F i g u r e 3 . A c o m p a r i s o n o f the N R C - s p o n s o r e d program at BCL and t h e D O E - s p o n s o r e d
program at SNL.

SLA SOURCE TERM TESTS
CONFINED
SURROGATE FUEL
FUEL RODS/NO CASK
FUEL RODS/CASK (1/4 SCALE)
SHAPED CHARGE
BREACHING CHARGE
TORCH

SURROGATE
SPENT FUEL
CORRELATION
FUNCTION

EG&G/INEL SOURCE TERM TESTS
SURROGATE/SPENT FUEL
FUEL PELLETS/NO CASK
FUEL RODS/1/4 SCALE CASK
CONFINED (6' DIA SPHERE)
SHAPED CHARGE

.CONFINEMENT.
'EFFECTS

EXCHANGE
COMPARISON
CROSS CHECK
COMPLIMENT

SLA SOURCE TERM TESTS
UNCONFINED
SURROGATE FUEL
1/4 SCALE CASK
SHAPED CHARGE

CONFINEMENT
EFFECTS

BCL SOURCE TERM TESTS
SURROGATE/SPENT FUEL
SCALE?
CONFINED (3'X3'X3')
SHAPED CHARGE
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(1)

Shaped Explosive Charges

(SEC)

(2)

Pyrotechnic Torches

(3)

Breaching Contact Explosive Charges

(4)

Platter Charges

(5)

Air Blast Proximity Explosive

T h e s e t e s t s i n v e s t i g a t e d t h e v u l n e r a b i l i t y o f a full s c a l e
c a s k w a l l t o e a c h of t h e s e E I D ' s . The w a l l c o n f i g u r a t i o n used in
t h e m a j o r i t y o f t h e s e t e s t s w a s a l a m i n a t e d steel or s t e e l / l e a d /
s t e e l . T h e p y r o t e c h n i c t o r c h w a s a l s o u s e d to a s s a u l t a s t e e l /
d e p l e t e d u r a n i u m / s t e e l s e c t i o n and a full s c a l e g e n e r i c c a s k .
F i g u r e 4 s h o w s t h e t e s t c o n f i g u r a t i o n u s e d t h e in S E C t e s t s on
s i m u l a t e d s t e e l / 1 e a d / s t e e l c a s k w a l l s . Six s u r r o g a t e fuel p i n s (as
d e s c r i b e d p r e v i o u s l y ) w e r e p l a c e d b e t w e e n t h e t w o wall s e c t i o n s .
It w a s k n o w n in t h e s e t e s t s t h a t t h e s u r r o g a t e fuel p i n s w e r e i n s u f f i c i e n t in n u m b e r and l e n g t h t o p r o v i d e a r e a l i s t i c t a r g e t ; h o w e v e r ,
i n i t i a l i n f o r m a t i o n c o n c e r n i n g fuel pin f a i l u r e m e c h a n i s m s , a e r o s o l
f o r m a t i o n m e c h a n i s m s , and a e r o s o l s i z e s w a s t h e o b j e c t i v e of t h e s e
t e s t s . In o r d e r to m a k e t h e a e r o s o l m e a s u r e m e n t s , v a r i o u s t y p e s o f
a e r o s o l c o l l e c t o r s and s a m p l e r s w e r e p o s i t i o n e d at s t r a t e g i c p o i n t s
a r o u n d t h e e x p l o s i o n c e n t e r . P r e l i m i n a r y s u r r o g a t e fuel a e r o s o l
d a t a w e r e o b t a i n e d from t h e s e t e s t s and w e r e u s e d t o c a l c u l a t e an
i n i t i a l u p p e r e s t i m a t e of r e l e a s e d u r a n i u m r e s p i r a b l e a e r o s o l .
T h e s e e s t i m a t e s o f r e l e a s e d uranium
a e r o s o l s are c o n s i d e r e d t o b e
" u p p e r " b e c a u s e t h e e s t i m a t e s a r e l a r g e r t h a n w o u l d be o b t a i n e d
f r o m a c l o s e d c a s k c o n f i g u r a t i o n ( t h e s e t e s t s w e r e p e r f o r m e d on
s e m i - o p e n c a s k s as s h o w n in F i g u r e 4 ) .
T e s t s to q u a n t i f y t h e a e r o s o l s m o r e a c c u r a t e l y a r e c u r r e n t l y
b e i n g p e r f o r m e d at S N L . T h e s e t e s t s i n c l u d e s c a l e d g e n e r i c c a s k s
l o a d e d w i t h s u r r o g a t e fuel s u b j e c t e d to s c a l e d s h a p e d c h a r g e s .
T h e s e t e s t s are c o n d u c t e d in a c h a m b e r so t h a t t h e a m o u n t of m a t e rial r e l e a s e d and c o n v e r t e d i n t o an a e r o s o l c a n be d e t e r m i n e d .
Other t e s t s are underway to d e t e r m i n e how scaling affects the aerosol s o u r c e t e r m s . T h i s e f f o r t on s c a l i n g is v i t a l t o both t h e DOE
and N R C p r o g r a m s b e c a u s e o f t h e a n t i c i p a t e d e x p e n s e of t e s t i n g full
s c a l e c a s k s . A d d i t i o n a l w o r k is a l s o b e i n g p e r f o r m e d to e v a l u a t e
the effects associated with other possible energy intensive devices
as p r e v i o u s l y d e s c r i b e d .

C o n c l u s i on
T h i s p a p e r h a s d e s c r i b e d t h e a r e a s o f c u r r e n t a c t i v i t y in t h e
a s s e s s m e n t o f t h e p o s s i b l e e f f e c t s an i n t e n t i o n a l act or e x t r e m e
e n v i r o n m e n t c o u l d h a v e on n u c l e a r m a t e r i a l s h i p p i n g s y s t e m s .
E a r l y i n f o r m a t i o n h a s b e e n o b t a i n e d on t h e f o r m a t i o n o f a e r o s o l s ,
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Test configuration for response of surrogate fuel rods and simulated
steel/lead/steel fuel cask to a shaped charge device.
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and a s i g n i f i c a n t body of experimentally determined source term
data w i l l be available for radiological consequence evaluations.
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THE TECHNOLOGY INFORMATION CENTER*
E. L. Emerson
E. W. Shepherd
E. E. Minor
Sandia National Laboratories
Al buquerque, NM

Introduction
At the beginning of Fiscal Year 1979, the Assistant Secretary
for Energy Technology of the Department of Energy established a
program to address the transportation of nuclear waste and spent
fuel in support of DOE technology management center programs.
Sandia National Laboratories was named as the lead laboratory to
pursue this program. As a result, the Transportation Technology
Center, often referred to as TTC, was established. It is administered by Sandia's Nuclear Materials Transportation Technology
Department.
The Transportation Technology Center program involves input
from private industry, the national laboratories, consultants, universities, and interested individuals. The program is intended to
be an integrated activity accommodating results from other transportation programs funded by DOT, NRC, other federal agencies, and
the industry. In utilizing a systems approach, it is expected that
the DOE program will neither duplicate other programs nor leave
gaps in the total nuclear transportation technology activity.
Finally, the program is intended to be responsive to the needs of
industry, the American public, and decision makers within governmental institutions ranging from the local through federal level
Transportation Technology Center was organized to approach
.-a ..^r. under four major headings which define the general
approach of the program. These are Systems Development, Technology,
Institutional Issues, and the Technology Information Center.
The Systems Development area contains activities required to
support transportation systems needed for specific DOE funded
defense and commercial waste systems. Thus, total transportation
systems studies are being conducted for defense waste, the domestic
fuel cycle, advanced reactors, and the international fuel cycle.
The Technology area addresses questions which represent
generic technical needs of transportation systems. The activities
provide a basis for systems development, for manufacturing and
quality assurance, for systems safety evaluation, and for licensing.
It is in this area that systems studies and test activities are
conducted.
•Prepared by Sandia National Laboratories for the United States
Department of Energy under contract DE-AC04-76DP00789.
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The Institutional Issues area addresses the non-technical
issues which affect the timely development of the nuclear transportation capability required to meet the nation's needs. Activities
include problem and policy identification, organizational and
social issues, the development of expanded risk assessment and
environmental impact studies.
The Technology Information Center (TIC) has the overall objective to act as the TTC's specialized clearing house for nuclear
material transportation information. This effort supports the
needs of TTC's programs and the DOE sponsors. It also disseminates
program results among program participants, the public, and governmental agencies at all levels. The TIC function is administrated
by the Transportation Analysis and Information Division of Sandia's
Nuclear Materials Transportation Technology Department.

Technology Information Center Description
The TIC activities have been divided into two principal parts:
information activities and the development of systems for information management. The information activities are concerned with
obtaining useful and current information and its use in responding
to queries from the public, policymakers, and industry. The information management activity has as its prime goal the shortening of
response time to those queries by use of computerized data bases.
The information activity of TIC is subdivided into three major
categories: Public Information, Policy Information, and Technical
Information.
Public Information
The objective of the Public Information activity is to provide
accurate, credible, and adequate information to the public and public institutions. In order to narrow the field of inquiry, those
subject areas relating to nuclear materials transportation that
were thought to be of concern to the public were identified. This
permitted the organized accumulation of information in these fields.
It was noted that there was a large body of information available
in many locations. It was generally not well organized for retrieval and, in many cases, not in a form or format easily understood by users not in the transportation field. Another interesting item was that users of data wanted help on short notice and for
a specific purpose.
Audio-visual materials are available from this activity for
use in areas that require the conveyance of a message quickly,
accurately, and with the chance of misinterpretation minimized.
The TIC can make available a film showing the testing of a spent
fuel cask in accident situations and is in the process of producing
a film which will show the public how nuclear fuel shipments are
handled and what precautions and safety measures are taken.
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P u b l i c a t i o n s are a n o t h e r s e r v i c e o f T I C . In t h e p r o c e s s o f
b e i n g p u b l i s h e d is o n e t i t l e d " Q u i c k R e f e r e n c e F i l e " w h i c h h a s
short s y n o p s e s of s e l e c t e d t r a n s p o r t a t i o n t o p i c s such as p l u t o n i u m
toxicity, accident statistics, shipping statistics, package perf o r m a n c e t e s t i n g , P r i c e - A n d e r s o n A c t , and s t a t e and local l e g i s l a t i o n a f f e c t i n g t h e t r a n s p o r t a t i o n of n u c l e a r m a t e r i a l s .
The
s e l e c t i o n of t h e s e s u b j e c t s was based upon the fact that t h e y w e r e
among the most f r e q u e n t l y asked q u e s t i o n s . The d o c u m e n t will be
u p d a t e d f r e q u e n t l y , addinr; t o p i c s s e l e c t e d hy a n a l y s i s o f p u b l i c
q u e r i e s a n d by t h e m o n i t o r i n g o f j o u r n a l s , n e w s p a p e r s , a n d d o c u ments .
L i m i t e d w o r k h a s b e e n d o n e in p r o v i d i n g e x h i b i t s a n d d i s p l a y s
f o r u s e in e v e n t s s u c h as s p e e c h e s , s e m i n a r s , a n d c o n f e r e n c e s .
The
Center will consider special requests for this m a t e r i a l .
Initial
e f f o r t s h a v e been limited to d i s p l a y s of r a d i o a c t i v e w a s t e c o n t a i n e r s and r e l a t e d hardware,,
This f u n c t i o n also p r o v i d e s response to s p e c i f i c r e q u e s t s
m a d e by l e t t e r a n d by p h o n e . Q u e s t i o n s on t o p i c s s u c h a s r i s k
a s s e s s m e n t , t r a n s p o r t a t i o n s a f e t y , and e m e r g e n c y r e s p o n s e a r e
h a n d l e d on a q u i c k r e s p o n s e b a s i s .
T h e c o m p u t e r i z e d d a t a b a s e s in t h e I n f o r m a t i o n M a n a g e m e n t
activity support the response to requests for specific i n f o r m a t i o n .
Pol i cy_ I n f o r m a t i on
The Policy Information activity serves to provide planning
i n f o r m a t i o n to D O E , to o t h e r federal a g e n c i e s , and to c e r t a i n
o t h e r d e c i s i o n m a k e r s in g o v e r n m e n t a n d p r i v a t e i n d u s t r y .
The
e m p h a s i s in t h i s a c t i v i t y is on t h e e x t r a c t i n g a n d i n t e r p r e t i n g
o f i n f o r m a t i o n f r o m all c u r r e n t l y a v a i l a b l e s o u r c e s .
Anticipatory
and s p e c i f i c r e s p o n s e a c t i o n s are c o m b i n e d . The i n t e n t is t o h a v e
b a c k g r o u n d d a t a at h a n d f o r t h e d e c i s i o n m a k e r s a n d t o p r o v i d e
a n a l y s i s c a p a b i l i t y using the C e n t e r ' s s p e c i a l i s t s .
A n u m b e r of d a t a f i l e s h a v e thus far been e s t a b l i s h e d s p e c i f i c a l l y for this a c t i v i t y . These files will f a c i l i t a t e the g r o u p ing o f i n f o r m a t i o n i n t o l o g i c a l o r d e r f o r a n a l y s i s .
T h e N u c l e a r M a t e r i a l L e g i s l a t i v e D a t a B a s e is o n e e x a m p l e .
T h e t r a n s p o r t o f n u c l e a r m a t e r i a l s is t h e o b j e c t o f n u m e r o u s r e g u l a t i o n s and l e g i s l a t i v e a c t i o n s . S h i p p e r s , c a r r i e r s , and f e d e r a l
m a n a g e m e n t p e r s o n n e l not only need to know w h a t the v a r i o u s s t a t e s
h a v e d o n e in t h i s a r e a b u t m u s t k n o w w h a t a c t i o n s are in p r o c e s s .
This data base provides a method for c o l l e c t i o n , s t o r a g e , and ret r i e v a l of c u r r e n t and p e n d i n g r e g u l a t i o n s and l e g i s l a t i o n p e r t a i n ing t o t h e t r a n s p o r t a t i o n o f n u c l e a r m a t e r i a l s . T h e i n f o r m a t i o n is
c o l l e c t e d in g e n e r i c c a t e g o r i e s s u c h as t r a n s p o r t a t i o n r e s t r i c t i o n s ,
p r o h i b i t i o n s , and e m e r g e n c y r e s p o n s e r e g u l a t i o n s . The d a t a p r o v i d e s a s y n o p s i s of t h e bill and its e f f e c t i v e d a t e . T h i s d a t a c a n
be r e t r i e v e d by b i l l c o n t e n t s a n d by s t a t e .
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P o l i c y a n a l y s i s is p r o v i d e d f o r s p e c i f i c r e q u e s t s .
For
e x a m p l e , the t r a n s p o r t a t i o n s e c t i o n s of the Report to the P r e s i d e n t
by t h e I n t e r a g e n c y R e v i e w G r o u p on N u c l e a r W a s t e M a n a g e m e n t ( I R G
R e p o r t ) w e r e a n a l y z e d and r e c o m m e n d a t i o n s f o r a c t i o n w e r e p r o p o s e d .
A current study, with broad policy i m p l i c a t i o n s , will attempt
to d e t e r m i n e t h e q u a n t i t i e s , t y p e s , and p a c k a g i n g of n u c l e a r m a t e r i a l s a n d t h e r o u t e s b e i n g u s e d t o m o v e t h e s e m a t e r i a l s in i n t e r s t a t e and i n t r a s t a t e c o m m e r c e . T h i s i n f o r m a t i o n c o u l d p r o v i d e t h e
b a s i s f o r a n y e n v i r o n m e n t a l a s s e s s m e n t of t h e t r a n s p o r t a t i o n of
n u c l e a r m a t e r i a l . T h i s s t u d y h a s an a n t i c i p a t e d c o m p l e t i o n d a t e
of J u n e 1 9 8 1 .
Technical

Information

T h e t h i r d m a j o r a c t i v i t y is t h a t of T e c h n i c a l I n f o r m a t i o n . A
b r o a d r a n g e o f i n f o r m a t i o n is b e i n g c o l l e c t e d on a c o n t i n u o u s
b a s i s . It is b e i n g i n v e n t o r i e d , s u m m a r i z e d , a n d e v a l u a t e d b e f o r e
b e i n g e n t e r e d i n t o o n e of t h e c o m p u t e r d a t a b a s e s . In g e n e r a l , t h e
d a t a b a s e s t h a t s u p p o r t t h i s a c t i v i t y c o n t a i n k e y w o r d s or k e y e l e m e n t s t h a t w i l l l e a d o n e t o a s p e c i f i c d o c u m e n t or s o u r c e of t h e
complete information set.
T h e B i b l i o g r a p h i c D a t a B a s e is a f i l e of b i b l i o g r a p h i c d e s c r i p t i o n s o f r e p o r t s , b o o k s , c o n f e r e n c e s , and j o u r n a l a r t i c l e s in t h e
f i e l d of t r a n s p o r t a t i o n of n u c l e a r m a t e r i a l s . It p r e s e n t l y l i s t s
r e l e v a n t t i t l e s f r o m t h e E n e r g y D a t a B a s e of D O E / R E C O N at t h e T e c h nical I n f o r m a t i o n C e n t e r , Oak R i d g e , TN. Titles from the N u c l e a r
S c i e n c e A b s t r a c t s and N u c l e a r S c i e n c e I n f o r m a t i o n C e n t e r d a t a f i l e
of R E C O M a n d t i t l e s f r o m t h e T R I S ( T r a n s p o r t a t i o n R e s e a r c h I n f o r m a t i o n S e r v i c e ) D a t a B a s e of D O T ' s T r a n s p o r t a t i o n R e s e a r c h B o a r d w i l l
be a d d e d t o t h e d a t a b a s e . C o m m e r c i a l d a t a b a s e s s u c h as E n e r g y l i n e a n d C o m p e n d e x c a n be s e a r c h e d w i t h t h e r e s u l t s b e i n g e n t e r e d
i n t o t h e B i b l i o g r a p h i c D a t a B a s e . O t h e r d a t a b a s e s c a n be a c c e s s e d
f o r i n f o r m a t i o n if r e q u i r e d .
C a t e g o r i e s of i n f o r m a t i o n in t h e B i b l i o g r a p h i c D a t a
include:

Base

• T r a n s p o r t of n u c l e a r ( r a d i o a c t i v e ) m a t e r i a l s systems and interf a c e s , n a t i o n a l and i n t e r n a t i o n a l
•Shipping containers
• L a w s , r e g u l a t i o n s , and licensing a f f e c t i n g the t r a n s p o r t a t i o n
of n u c l e a r m a t e r i a l s
•Transportation accident analysis
•Emergency response
•Statistics
•Risk assessments
'Safety analysis
•Environmental aspects
' E c o n o m i c , p o l i t i c a l , and social aspects
•Seabed disposal
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The file can be searched by subject, title, author, report number,
key word, etc. Abstracts of the d o c u m e n t s , where available, are on
microfilm rather than in the computer file.
The Cask Inventory Data Base contains information on the spent
fuel shipping casks available worldwide. The data elements include
cask t y p e , transport m o d e , operational status, approval status,
physical parameters, and country. The information is current as of
August 1979.
Available, through the auspices of TIC, is a Mechanical Property Data Storage and Retrieval System suitable for finite-element
elastic-plastic structural analysis. The properties of materials
used in design are characterized and formatted for input to the
analysis p r o g r a m s .
The Transportation Technical Environmental Information Center
at Sandia is funded by the TTC. Its formation predates the formation of the Transportation Technology Center by many y e a r s . A
large amount of information concerning the physical parameters of
air, t r u c k , rail, and water shipment of cargos have been collected
and indexed. Currently, there are over 28,000 pages of data on the
physical parameters of the various transportation m o d e s . Included
is data on shock, vibration, acceleration, thermal c y c l e s , etc.
The information is stored on aperture cards or m i c r o f i c h e . The
collection of information is a continuing process. The data is
used in transportation related studies, design analysis, risk
a s s e s s m e n t s , etc. A short (7-1/2 minute) movie titled "Transportation Environment Information Center" describes this activity and
is available on request.
The Hazardous Materials Incident Report (HMIR) Data Base contains information extracted from the Department of Transportation's
Hazardous Material Incident Reports involving radioactive m a t e r i a l s .
The Center is on a continuing distribution from DOT for these
reports and works closely with the Safety Data Management Branch
of the Materials Transportation Bureau. Additional information on
transportation related incidents have been obtained from reports
submitted to the Nuclear Regulatory Commission. Information extracted from other reporting sources will be incorporated into the
data base as it is obtained. Each entry contains up to 28 e l e m e n t s ,
some of which are incident data and location; carrier, shipper, consignee and their address zip c o d e s ; transportation mode and vehicle
or facility; losses due to material release; m a t e r i a l ; package and
failure m o d e ; urban or not; type of accident; or other. The goal
is to provide a very comprehensive data file on nuclear material
transportation incidents.
The information management activity supports all of the above
activities. An on-line data base management system provides the
capability for the in-house data bases. The off-site data bases
are accessed via the same terminal hardware. Data retrieval is
done by TIC staff in response to specific requests for information.
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A microfilm library supports the information management activity. It contains abstracts of documents in the bibliographic file,
the complete reports entered into the Hazardous Materials Incident
Report Data Base, and other material relating to the Center's
activities. Document material is linked to the respective data
bases by indexing the cartridge and frame number with the respective data base entry.

Applications of the Technical Information

Center

To what uses have the various activities in the Technical
Information Center been put? Following is a sampling.
A workshop on the Legislative Data Base was held to acquaint
potential users with the data base and how it is used.
Some 150 copies of the movies "Accident Safe" and "Five Crash
Tests" were distributed during FY 79.
Information, in the form of fact sheets, has been sent to
requestors such as state regulatory agencies, state legislative
staff groups, college professors, and people working on environmental impact statements.
Searches of the Legislative Data Base were made at the request
of a number of congressional staffs, DOE Field Offices, and other
institutions.
Policy briefs and background studies were prepared.
Publication searches were made for the TTC staff and outside
requestors on such topics as spent fuel shipping container regulations, packaging, seals for radioactive materials, and for specific
documents.
A variety of requests were answered regarding statistics on
transportation accidents involving radioactive material. These
came-from DOE, DOT, a NAS study committee, and local and state
government groups.
Replies to requests for specific incidents or accidents occurring in a specified geographic area were provided.
A variety of information was provided to TTC members as source
material for presentation at various legislative hearings.
Replies to requests for information concerning nuclear materials transportation from private citizens were provided.
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Information Requests
Information relating to the transportation of nuclear materials will be provided upon request.
The mailing address is:
Nuclear Materials Transportation Technology Department
Sandia National Laboratories
Organization 4550
P.O. Box 5800
Albuquerque, NM 87185
The authors may be contacted by phone:
E. L.
E. G.
E. W.
Dept.

Emerson
Minor
Shepherd
Secretary

FTS
844-4301
844-4301
844-1740
844-3310

COMMERCIAL
(505) 844-4301
(505) 844-4301
(505) 844-1740
(505) 844-3310
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THE WORST-CASE SCENARIO SYNDROMF*
E. L. W i l m o t
R. E. Luna
Sandia N a t i o n a l L a b o r a t o r i e s
A l b u q u e r q u e , NM
What do most p e o p l e t h i n k o f when t h e y a r e a s k e d t o v i s u a l i z e
a t r a n s p o r t a t i o n accident?
V e r y l i k e l y w h a t comes t o t h e i r m i n d
i s a t r u c k c o l l i d i n g w i t h a l o c o m o t i v e , o r p e r h a p s an e x p l o s i o n
r e s u l t i n g f r o m a c a r h i t t i n g a g a s o l i n e t r u c k , o r even a c a r r u n n i n g t h r o u g h a b a r r i e r and o v e r a c l i f f .
Even t h o u g h t h e s e a r e n o t
l i k e l y accident scenarios,
t h e y a r e seen f r e q u e n t l y on t e l e v i s i o n
o r i n m o v i e s a n d a r e , t h e r e f o r e , l i k e l y t o come t o m i n d .
The same
l o w - p r o b a b i l i t y - h i g h - c o n s e q u e n c e a c c i d e n t r e c a l l has b e e n w i t n e s s e d
when a member o f t h e p u b l i c r e c a l l s t r a n s p o r t a t i o n i m p a c t s t h a t
were p r e s e n t e d i n an e n v i r o n m e n t a l i m p a c t s t a t e m e n t ( E I S ) .
The
w o r s t - c a s e s c e n a r i o i m p a c t s a r e r e c a l l e d and t h e memory i s m o r e
v i v i d when t h e i m p a c t s w e r e c a l c u l a t e d f o r s c e n a r i o s so s p e c t a c u l a r
t h a t t h e y a r e a l m o s t beyond p o s s i b i l i t y .
Are these t h e impacts
t h a t s h o u l d be p r e s e n t e d ?
T h i s paper w i l l argue t h a t t h e answer t o
t h a t q u e s t i o n i s e m p h a t i c a l l y no!
The t r u l y i m p o r t a n t i m p a c t s t o
be r e m e m b e r e d f r o m a n e n v i r o n m e n t a l s t a n d p o i n t are t h e r e a l i s t i c a l l y expected i m p a c t s , not t h o s e r e s u l t i n g from s p e c t a c u l a r s c e narios.
The r e p r e s e n t a t i o n o f t h e s e s c e n a r i o s i n a n i m p a c t a n a l y s i s c a n be m i s l e a d i n g s i n c e f o c u s on a p a r t i c u l a r l y s p e c t a c u l a r
a c c i d e n t d e t r a c t s f r o m a c a r e f u l e x a m i n a t i o n o f more f r e q u e n t , but
l e s s s e r i o u s a c c i d e n t s , and o f t h e much m o r e i m p o r t a n t n o r m a l
t r a n s p o r t exposures.
U s i n g e x p e r i e n c e s g a i n e d f r o m p r e p a r a t i o n o f t h e Waste I s o l a t i o n P i l o t P l a n t (WIPP) E n v i r o n m e n t a l I m p a c t S t a t e m e n t ( E I S ) , t h i s
p a p e r w i l l d e f i n e and d e s c r i b e t h o s e c h a r a c t e r i s t i c s o f E I S ' s w h i c h
are symptomatic of a "worst-case scenario syndrome."
Radioactive
m a t e r i a l (RAM) t r a n s p o r t a n a l y s e s a r e n o t a l o n e i n b e i n g s u b j e c t e d
t o t h e s y n d r o m e , b u t t h e e f f e c t o n RAM t r a n s p o r t a n a l y s e s i s m o r e
p r o n o u n c e d because o f t h e p u b l i c i s more f a m i l i a r w i t h t r a n s p o r t a tion related accidents.
What i s a s y n d r o m e ?
A syndrome i s a group o f s i g n s a n d / o r
symptoms t h a t o c c u r t o g e t h e r and c h a r a c t e r i z e an a b n o r m a l i t y .
A
w o r s t - c a s e s c e n a r i o s y n d r o m e w o u l d , c o n s e q u e n t l y , be e x p e c t e d t o
m a n i f e s t s y m p t o m s , t o h a v e c a u s e s f o r t h e s y m p t o m s , and p o s s i b l y
t o have a c u r e .
The e n v i r o n m e n t n e c e s s a r y f o r d e v e l o p m e n t o f t h e s y n d r o m e i s
m a i n t a i n e d by t h e r e g u l a t i o n s t h a t g o v e r n t h e p r e p a r a t i o n o f E I S ' s .
The r e q u i r e m e n t s are found
i n 40 CFR 1 5 0 2 . 2 2 i n t h e h e a r t o f r e g u l a t i o n s r e s u l t i n g from t h e N a t i o n a l E n v i r o n m e n t a l P o l i c y Act (NEPA).
They s t a t e : " I f t h e agency p r o c e e d s . . . ( t o e v a l u a t e an a c t i o n t h a t
* P r ¥ p y r i d ~ B y ~ S " a nd i a N a t i o n a l L a b o r a t o r i e s f o r t h e U n i t e d
Department o f Energy under c o n t r a c t DE-AC04-76DP00789.
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has a d v e r s e i m p a c t s i m p o r t a n t t o a d e c i s i o n t h a t c a n n o t be e v a l u a t e d o r i s based on d a t a t o o e x p e n s i v e t o o b t a i n ) , . , . i t s h a l l
i n c l u d e a w o r s t - c a s e a n a l y s i s and an i n d i c a t i o n o f t h e p r o b a b i l i t y
or i m p r o b a b i l i t y of i t s occurrence."
From t h i s r e g u l a t o r y b a s i s ,
w o r s t - c a s e s c e n a r i o s a r e b o r n as a l e g i t i m a t e a t t e m p t t o bound t h e
consequences o f an a c t i o n .
However, t h e r e a r e no e x p l i c i t o r
i m p l i c i t r e s t r i c t i o n s l i m i t i n g t h e minimum p r o b a b i l i t y f o r t h e
worst-case analysis.
A l t h o u g h t h e p r o b a b i l i t y o f a s c e n a r i o must
be s t a t e d , t h e s e p a r a t i o n o f consequence f r o m p r o b a b i l i t y makes i t
v e r y easy t o f o c u s on one f a c t o r a t t h e expense o f t h e o t h e r .
S c e n a r i o s can be c r e a t e d u s i n g f o u r b a s i c p r o c e s s e s : i m a g i n a t i o n , f a u l t - t r e e a n a l y s i s , p l a u s i b i l i t y a r g u m e n t s , and " g u t feelings."
I m a g i n a t i o n and some a n a l y s i s are used i n c r e a t i n g
f a u l t t r e e s t h a t assume an u l t i m a t e s y s t e m f a i l u r e and t r a c e b a c k wards t h r o u g h an i m a g i n e d s c e n a r i o t o l i n k s u b s y s t e m f a u l t s t h a t
c o n t r i b u t e d t o t h e u l t i m a t e system f a i l u r e .
Since f a u l t t r e e s
d e s c r i b e t h e s t e p - b y - s t e p d e v e l o p m e n t o f s c e n a r i o s , t h e y c a n become
very complex and can o f t e n not be d e v e l o p e d c o m p l e t e l y i f a s y s t e m
i s not w e l l c h a r a c t e r i z e d i n t o d i s t i n c t s u b s y s t e m s .
However, a
p r o p e r l y c o n s t r u c t e d f a u l t t r e e d e s c r i b i n g t h e mechanism o f r e l e a s e
i s v e r y u s e f u l i n making an e s t i m a t e o f how l i k e l y a s y s t e m e v e n t
i s based upon i t s s u b s y s t e m e v e n t s .
P l a u s i b i l i t y a r g u m e n t s may be
used t o s o r t o u t t h e u s e f u l w o r s t - c a s e s c e n a r i o s d e s c r i b e d e i t h e r
by i m a g i n a t i o n o r by t h e more f o r m a l f a u l t t r e e s .
Plausibility
a r g u m e n t s c r e a t e t h e most d i f f i c u l t y f o r t h e d e v e l o p e r o f s c e n a r i o s because t h e y need e x p e r i m e n t a l e v i d e n c e t o be a c c e p t a b l e t o
the s c i e n t i f i c community.
The f i n a l p r o c e s s , g u t - f e e l i n g , w h i c h
is r e a l l y " a f t e r the fcCt" imagination, oftentimes is d e c i d i n g .
With lack o f e x p e r i m e n t a l e v i d e n c e , t h i s f a c t o r i s u s e f u l i n making
a f i n a l d e c i s i o n a b o u t w o r s t - c a s e s c e n a r i o s . . As one m i g h t s u s p e c t
f r o m t h e methods f o r p r o d u c i n g them and by NEPA d e f i n i t i o n , w o r s t case s c e n a r i o s may have v a r y i n g d e g r e e s o f b a s i s i n f a c t o r e x p e r i mental e v i d e n c e .
To more f u l l y d e s c r i b e t h e n a t u r e o f w o r s t - c a s e s c e n a r i o s and
t h e i r d e v e l o p m e n t , a r e c e n t example i s g i v e n f r o m p r e p a r a t i o n o f
t h e WIPP E I S , f o r w h i c h many d r a f t s have been p r e p a r e d . 3
These
d r a f t s were w r i t t e n i n r e s p o n s e t o changes i n p r o j e c t m i s s i o n as
w e l l as o t h e r d e v e l o p m e n t s such as t h e I n t e r a g e n c y Review Group
R e p o r t on Waste Management.
D e s p i t e t h e numerous changes i n
o v e r a l l m i s s i o n ( t h e WIPP was o r i g i n a l l y t o be a n u c l e a r w a s t e
r e s p o s i t o r y t h a t would r e t r i e v a b l y s t o r e m i l i t a r y t r a n s u r a n i c
w a s t e s ) , t h e t r a n s p o r t a t i o n a n a l y s i s developed r a t h e r independently
of the r e s t of the EIS.
F o r t u n a t e l y , because so many d r a f t s have
been r e q u i r e d , t h e e v o l u t i o n o f t h e t r a n s p o r t a t i o n a n a l y s i s was
documented a t v a r i o u s s t a g e s o f d e v e l o p m e n t .
At p r e s e n t , t h e f a t e
o f t h e f i n a l EIS i s not c e r t a i n ; i t p r o b a b l y w i l l be p u b l i s h e d
r e f l e c t i n g WIPP's l a s t m i s s i o n as a d i s p o s a l s i t e f o r m i l i t a r y
waste o n l y .
A l l o f t h e s e d r a f t s were w r i t t e n between t h e s p r i n g
o f 1977 and t h e s p r i n g o f 1 9 8 0 .
The symptoms o f t h e w o r s t - c a s e s c e n a r i o syndrome a r e :
u n l i k e l y events, unlikely conditions surrounding the events,

and
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unreasonable assumptions made t o c r e a t e t h e event (see Table I ) .
The f i r s t two d r a f t s of t h e EIS were g e n e r a l l y devoid of these
symptoms because these d r a f t s i n c l u d e d a t r a n s p o r t a t i o n r i s k analys i s which concentrated on expected values and d i d not d e s c r i b e any
w o r s t - c a s e scenario e x p l i c i t l y .
I n D r a f t I I I a d e c i s i o n was made
t o make t h e t r a n s p o r t a t i o n a n a l y s i s a consequence a n a l y s i s ( w i t h
a c c i d e n t s c e n a r i o s ) t o be c o n s i s t e n t w i t h impact analyses w i t h i n
t h e remainder o f t h e DEIS t h a t d i d not lend themselves t o r i s k
analysi s.

TABLE I
Symptoms and E f f e c t s o f the Worst-Case Scenario Syndrome f o r WIPP

Draft

Unlikely

Symptoms

Unlikely

E f j f e c t j ____

"UnreasoTiabl e

Dose "Commitment
RH-TRU Waste

I

4/77

Risk
Analysi s

1.2 X 10"6

II

3/78

Risk
Analysi s

1.2

X 10"6

III

9/78

X

1.4 X 10"6

IV

Late
9/78

X

1.4

V

12/78

VI

DEIS
3/79

VII

No
Scenari os

X

X

X

X 10"6

Reference 2

X

7.0 X 1CT6

X

2.0 X 10-3

The scenarios used as examples i n t h i s paper are f o r r a i l
shipments o f remotely handled t r a n s u r a n i c (RH-TRLf) wastes because
t h e q u a n t i t i e s and sources o f t h i s waste type remained c o n s i s t e n t
t h r o u g h o u t t h e e v o l u t i o n of t h e WIPP EIS. This waste w i l l probably
be shipped i n h e a v i l y s h i e l d e d and massive casks s i m i l a r t o those
used f o r spent f u e l shipments.
Cask crash a n a l y s i s and proof
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t e s t i n g t h a t had been done at Sandia National L a b o r a t o r i e s has
i n d i c a t e d f a i r l y c o n v i n c i n g l y t h a t no releases would be expected i n
even extreme accident environments f o r casks s i m i l a r t o the RH-TRU
waste casks.
The only p o t e n t i a l and p l a u s i b l e source of release
i s r e s i d u a l contamination on the cask e x t e r i o r .
In D r a f t s I I I and
IV, the contamination was assumed t o be shaken loose from an impact
and dispersed as a r e s u l t of a 1-hour f i r e .
The p o s t u l a t e d event
was assumed t o occur i n a populated area and under adverse c o n d i t i o n s and had an estimated p r o b a b i l i t y of occurrence of about one
time i n 1000 y e a r s .
Because the contamination i s very tenacious
and not l i k e l y t o be shaken l o o s e , the assumptions were considered
t o be unreasonable and D r a f t V was w r i t t e n t o e l i m i n a t e a l l s p e c i f i c impact a n a l y s i s .
The a n a l y s i s s e c t i o n w i t h i t s scenarios was
replaced by reference t o an NRC generic environmental impact s t a t e ment, which used r i s k a n a l y s i s .
However, the precedent set i n
D r a f t s I I I and IV was too strong and the r e t u r n t o r i s k a n a l y s i s
had t o be abandoned.
Consequently, the DEIS ( D r a f t VI) was r e l e a s ed t o the p u b l i c w i t h accident scenarios f o r RH-TRU waste t h a t
released s i g n i f i c a n t f r a c t i o n s of v o l a t i l e s from w i t h i n t h e s h i p ping cask.
A breach of cask containment was r e q u i r e d t o be assumed
t o g e t h e r w i t h a subsequent release of v o l a t i l e s .
The event posed
t o produce t h i s release was a severe impact t o g e t h e r w i t h subsequent 1-hour f i r e , a chain of events which i s very u n l i k e l y (one
occurrence i n 172,000 y e a r s .
The assumption t h a t the cask was
breached by a severe impact seemed tenuous, based on Sandia t e s t s .
The same scenario was used f o r the FEIS, but w i t h even more cons e r v a t i v e m e t e o r o l o g i c a l c o n u i t i o n s (as a r e s u l t of pressure from
s t a t e government).
In t h i s d r a f t i s an accident scenario f o r RHTRU waste t h a t would be expected t o occur once i n 450,000 y e a r s .
In p e r s p e c t i v e , the RH-TRU waste accident scenario progressed from
c o n s e r v a t i v e assumptions t o assumptions based on experimental e v i dence and f i n a l l y t o u l t r a - c o n s e r v a t i v e assumptions.
In D r a f t V I I the syndrome was c l e a r l y p r e s e n t ; each previous
d r a f t was missing one or more of the symptoms by which the syndrome
could be diagnosed.
A b r i e f o u t l i n e of the assumptions inherent
t o the worst-case scenario i n D r a f t V I I i s i n d i c a t e d i n T abl e I I .
The symptoms of the "worst-case s c e n a r i o " syndrome ( t h e cons i d e r a t i o n of u n l i k e l y e v e n t s , u n l i k e l y c o n d i t i o n s , and u n l i k e l y
assumptions) seem t o r e s u l t from t h r e e major causes.
The f i r s t i s
r e l a t e d t o the process by which scenarios are developed.
The process described e a r l i e r has t h e p o t e n t i a l f o r producing an u n l i m i t e d
number of r e s u l t s f o r the a n a l y s i s of any p a r t i c u l a r s c e n a r i o .
This 1 i m i t l e s s n e s s i s evident i n many other documents.
Particul a r l y noteworthy i s a lengthy s t r i n g of documents w r i t t e n t o chara c t e r i z e a worst-case scenario f o r spent f u e l .
The consequences
c a l c u l a t e d f o r such scenarios range from no impact t o 1000's of
deaths.
Without doubt, such v a r i a t i o n c e r t a i n l y does not e s t a b l i s h
c r e d i b i l i t y w i t h the p u b l i c .
I n f a c t , the number of such s c e n a r i o s ,
w h i l e r e s u l t i n g from s u b t l e d i f f e r e n c e s i n problem d e f i n i t i o n , p r o vides a "menu" of events, c o n d i t i o n s , and assumptions which act t o
p r o l i f e r a t e the worst-case scenario syndrome.
Thus, the t e c h n i c a l
d i s c i p l i n e s are a part cf the problem.
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TABLE

II

Assumptions Made i n the Last WIPP Scenario f o r RH-TRU Waste
T r a i n i s coming from Idaho F a l l s

t o WIPP

P

1.0

It

is

nighttime

P

0.5

It

is

clear

P

0.8

T h e wind i s b l o w i n g less t h a n 2 mph

P

0.5

T r a i n i s p a s s i n g t h r o u g h ABQ (or s i m i l a r size c i t y )

P 0.01

T r a i n is at h i g h e s t p o p u l a t i o n l o c a t i o n in ABQ
(rush h o u r d e n s i t y ) . . . . . .
The wind i s

blowing toward the most populated s e c t i o n . . . .

P 0.1
P

0.05

Accident

occurs t o waste car

P

10"*

Accident

severe enough t o breech cask

P

10~*

P

0.03

P

0.01

P

1.0

P

0.1

A fire

occurs at the cask car

The f i r e

lasts

Volatiles

are

for

1 hour

released

People are outdoors d u r i n g cloud passage

The second cause r e s u l t s from y i e l d i n g t o pressure t o consider
"what i f " questions p e r t a i n i n g t o a scenario w h i l e i g n o r i n g the
e f f e c t each such q u e s t i o n has on t h e p r o b a b i l i t y o f the s c e n a r i o .
Transport a n a l y s i s f o r worst-case scenarios are p a r t i c u l a r l y s e n s i t i v e t o t h e w h a t - i f phenomenon because t h e p u b l i c i s capable of
asking many w h a t - i f questions about t r a n s p o r t a t i o n .
Since many
people have seen t r a n s p o r t a t i o n accidents d i r e c t l y or i n t h e media,
they do not need much t e c h n i c a l competence t o ask p l a u s i b l e quest i o n s regarding transport scenarios.
While q u a l i f y i n g p h y s i c a l
parameters of a scenario as a r e s u l t of such what-1f q u e s t i o n s , i t
i s not o f t e n remembered t h a t such s p e c i f i c a t i o n u s u a l l y r e s u l t s i n
decreased p r o b a b i l i t y of o c c u r r e n c e .
No matter what scenario i s
p o s t u l a t e d , w h a t - i f questions can be an posed and y i e l d i n g t o such
questions g e n e r a l l y creates scenarios t h a t are i n c r e a s i n g l y
unlikely.
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T h e t h i r d c a u s e was a l l u d e d to p r e v i o u s l y : no a c c e p t a b l e p r o b a b i l i t y has b e e n d e f i n e d f o r w o r s t - c a s e a c c i d e n t . An a d m i n i s t r a t i v e limit has not b e e n i m p o s e d w h i c h d e f i n e s t h e m i n i m u m p r o b a b i l ity a c c i d e n t that must be c o n s i d e r e d as a w o r s t - c a s e . If a g u i d e l i n e w e r e to be g i v e n , t h e a c c i d e n t s c e n a r i o c o u l d be d e f i n e d
a c c o r d i n g to that l i m i t . Of t h e t h r e e c a u s e s d i s c u s s e d a b o v e , t h e
f i r s t two seem i n h e r e n t in a c o n c e p t o f a w o r s t - c a s e s c e n a r i o and
o n e is a d m i n i s t r a t i v e in n a t u r e .
T h e e f f e c t s of t h e s y n d r o m e c a n be d e v a s t a t i n g to t h e p u b l i c
and r e s u l t in h a r d e n e d p u b l i c a t t i t u d e s t o w a r d a p r o j e c t o r p r o g r a m ,
A f t e r t h e W I P P EIS h e a r i n g s , a s p o k e s w o m a n f o r t h e P h y s i c i a n s f o r
S o c i a l R e s p o n s i b i l i t y m a d e a c o m m e n t d u r i n g a news i n t e r v i e w . A
t r a i n e d p h y s i c i a n w i t h a s m a t t e r i n g o f t e c h n i c a l b a c k g r o u n d , she
c o m m e n t e d : "I will sell my h o u s e and m o v e out of A l b u q u e r q u e if t h e
W I P P is b u i l t . I am a f r a i d of t h e d a n g e r s a s s o c i a t e d w i t h t r a n s p o r t i n g r a d i o a c t i v e w a s t e s . " The d a n g e r s s h e was r e f e r r i n g to w e r e
t h e c o n s e q u e n c e s of a c c i d e n t s c e n a r i o s d e s c r i b e d in t h e W I P P E I S ,
s c e n a r i o s t h a t s h e t e s t i f i e d on at t h e W I P P h e a r i n g s as b e i n g
" f r i g h t e n i n g . " S h e w a s f r i g h t e n e d by s c e n a r i o s that w e r e e s t i m a t e d
to o c c u r no m o r e f r e q u e n t l y t h a n o n c e in m o r e t h a n 1 0 0 , 0 0 0 y e a r s .
A p p a r e n t l y , t h e l i k e l i h o o d ( a l s o c o n t a i n e d in t h e s t a t e m e n t ) m e a n t
n o t h i n g to h e r . E v e n w i t h t h e p r o b a b i l i t y of a s c e n a r i o c l e a r l y
s t a t e d , t h e p u b l i c s e e m s to b e l i e v e that a s c e n a r i o is s o m e t h i n g
that will h a p p e n to t h e m as i n d i v i d u a l s and t h a t t h e p r o b a b i l i t y
of any s c e n a r i o is u n i t y .
It w o u l d be m o r e r e a s o n a b l e to d e s c r i b e w h a t c o n s e q u e n c e s are
r e a l l y e x p e c t e d . T h e e f f e c t of t h e s c e n a r i o a p p r o a c h is to e m p h a s i z e a b s u r d c o n s e q u e n c e s and to p r o d u c e a s s e s s m e n t s t h a t a r e m i s l e a d i n g . That p h y s i c i a n r e m e m b e r e d and d w e l l e d u p o n t h e e x t r e m e
o c c u r r e n c e e v e n t h o u g h t h e l i k e l i h o o d o f that o c c u r r e n c e w a s r e m o t e .
In r e a l i t y , no a c c i d e n t s i n v o l v i n g a r e l e a s e of m a t e r i a l w o u l d be
e x p e c t e d t o o c c u r d u r i n g t h e l i f e t i m e of t h e W I P P . B u t , w e in t h e
t e c h n i c a l d i s c i p l i n e s , w h o a r e u s u a l l y t h e d e v e l o p e r s of s c e n a r i o s ,
a r e very v u l n e r a b l e to o p e n - e n d e d r e s u l t s . We h a v e no p r o b l e m
a c k n o w l e d g i n g that a n event m a y , in p r a c t i c a l t e r m s , be i m p o s s i b l e ,
but we a l s o h a v e no p r o b l e m a c k n o w l e d g i n g t h a t z e r o p r o b a b i l i t i e s
do not e x i s t in s c i e n c e . T h u s , t h e p r o b a b i l i t y p l a c e d on an e v e n t
m a y be p l e a s i n g l y small to u s , but t h e fact t h a t a p r o b a b i l i t y is
s t a t e d m a k e s t h e event c e r t a i n in t h e m i n d of t h e p u b l i c . T h e
d i f f e r e n c e in o u t l o o k and e m p h a s i s of t h o s e in t e c h n i c a l d i s c i p l i n e s and t h e p u b l i c i n d i c a t e s t h a t new w a y s of e x p r e s s i n g t h i s
k i n d of c o n c e p t need to be d e v e l o p e d .
A p o s s i b l e c u r e to t h e w o r s t - c a s e s y n d r o m e is i n d i c a t e d by o n e
of t h e c a u s e s ; c l e a r - c u t g u i d e l i n e s a r e n e e d e d to d e l i n e a t e t h e
d e g r e e of i m p r o b a b i l i t y that m u s t be a c c o m m o d a t e d in a n E I S . Such
is not a t r i v i a l t a s k , but it c o u l d be d o n e t h r o u g h a d i r e c t s p e c i f i c a t i o n of p r o b a b i l i t y or by a l o w e r limit on r i s k .
Implications
and p e r c e p t i o n of risk h a v e b e e n t o p i c s r e c e i v i n g i n c r e a s e d s t u d y
r e c e n t l y . W i t h t h e f r u i t s of such s t u d y a v a i l a b l e , s o m e r e a s o n a b l e
a c c i d e n t p r o b a b i l i t y m i g h t be d e f i n e d that t h e p u b l i c c o u l d a c c e p t .
P o s s i b l y a n a t i o n w i d e s u r v e y , as e x p e n s i v e and as d i f f i c u l t as it
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may be t o do, may provide t h e necessary base from which a d e c i s i o n
could be made as t o an accident p r o b a b i l i t y l i m i t acceptable t o t h e
public.
An experimental program t h a t more c l o s e l y d e t a i l s i n p u t s
needed f o r t h e scenarios could be b e n e f i c i a l ; however, as evidenced
w i t h t h e WIPP s c e n a r i o s , t h e data t h a t do e x i s t might e i t h e r be
ignored or might s h i f t a t t e n t i o n t o scenarios f o r which less data
are a v a i l a b l e .
Thus, i t i s q u e s t i o n a b l e whether a d d i t i o n a l data
w i l l do much t o cure t h e synJrome even though NEPA r e g u l a t i o n s do
s t a t e t h a t worst case need only be analyzed when data are not
a v a i l a b l e or too expensive t o o b t a i n .
A r i s k a n a l y s i s avoids the worst-case scenario syndrome, but
g e n e r a l l y t h i s seems t o be unacceptable t o a concerned p u b l i c t h a t
want a s i n g l e (and e a s i l y understood) worst-case scenario d e s c r i b e d .
As was t h e case f o r t h e WIPP, the p u b l i c r e l a t e s e a s i l y t o a w o r s t case s c e n a r i o and o f t e n f e e l s t h a t i t i s a necessary i n g r e d i e n t of
an EIS.
A technique t h a t might minimize t h e impact of the syndrome
(should c l e a r - c u t a d m i n i s t r a t i v e guidance not be a v a i l a b l e ) i s
development of a r e f e r e n c e a b l e document which d e f i n e s generic w o r s t case s c e n a r i o s .
This document could be put through a p u b l i c review
and comment. Opinions could be expressed, p l a u s i b i l i t y arguments
examined, and comments considered independently of the s p e c i f i c s of
program and l o c a t i o n .
As long as u n l i k e l y w o r s t - c a s e scenarios c o n t i n u e t o be condoned and unregulated i n t h e Code of Federal R e g u l a t i o n , l i t t l e can
be done t o change t h e i r focus t o more r e a l i s t i c and expected scen a r i o s , and hence, t o consider r e a l i s t i c t r a n s p o r t a t i o n accident
consequences. C l e a r l y , a program f o r c u r i n g t h e w o r s t - c a s e scen a r i o syndrome must be developed. The syndrome has been shown t o
have i d e n t i f i a b l e symptoms t h a t r e s u l t i n severe and harmful
e f f e c t s , but i t has also been shown t h a t p o t e n t i a l cures do e x i s t .
To complete such a program i s t o p r o v i d e t h e p u b l i c w i t h i n f o r m a t i o n t o make an o b j e c t i v e d e c i s i o n and t o implement t h e NEPA A c t .
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ENVIRONMENTAL ASSESSMENT OF DOE TRANSPORTATION PROGRAMS
Martin J. Bernard III and Margaret K. Singh
Argonne National Laboratory

INTRODUCTION
At the first DOE Environmental Control Symposium1 the process of
environmental planning, assessment, research and control for the projects of
the DOE Assistant Secretary for Conservation and Solar's (ASCS) Office of
Transportation Programs (OTP) was presented. In the months since that
symposium the process has been in continual use with a large measure of
success. To illustrate how well it has worked, the treatment of electric
vehicle battery off-gassing is presented here. Further, since most of the
environmental activity has been directed toward producing Environmental
Assessments (E^>, the results of these EAs are also presented.
The process is comprehensive because the definition of environment
given by NEPA and CEQ is broad. That definition includes natural resources
(in particular for transportation assessment, materials and energy), ecosystem, physical environment, occupational and public health and safety, and
socioeconomic (social, institutional and economic). Because these areas are
included, the process provides the most comprehensive assessment and
evaluation made of OTP projects. It plans and tracks through research and
control activities the resolution of all possible environmental concerns
associated with these projects. It requires in-depth analysis of any concern
found to have potentially significant impact. The process also produces a
wealth of technical and non-technical information on the projects which is
used by the project managers and their subcontractors. The process is open.
All documents are available immediately from DOE and Argonne and after a few
months from NTIS.
This presentation begins with a short status report. It then illustrates the process by following EV battery off-gassing from its identification
as a concern in an early EDP to research centering upon its resolution. The
last portion of the paper focuses on the findings of the current EAs.

STATUS
Figure 1 is a timeline showing the formal environmental documents
that have been produced by Argonne and its subcontractors. The first document
was the pilot Environmental Development Plan (EDP) on Electric Vehicles. An
EDP for the whole OTP program and one update have been produced2. Another
update is underway. An EDP for light-duty diesel vehicles is also available3.
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Figure 1.

DOE Transportation Environmental
Documentation, FY 1977 to 1980

A gasohol EDP for both the supply and demand sides is contemplated. An EDP
is a planning document. It identifies and evaluates the intensity of
environmental concerns associated with technology, strategy or policy programs
and it schedules any research necessary to assure resolution of the concern,
or possibly the delay or discontinuation of the program. The updates monitor
the concern as it is better defined, researched and assessed for impacts, and
mitigated or rejected as a concern. Mitigation maybe through a control
technology, or a switch of materials or components. A concern would be rejected if research shows it to be insignificant even at the maximum level of
future use of the technology.
Of the EAs shown on the timeline, only one is currently available,
the one for the Electric and Hybrid Vehicle (EHV) Demonstration1*. The
results of this EA has been presented elsewhere 1 ' 5 ' 6 . Two others, performed
by Energy and Environmental Analysis, Inc. under contract to Argonne, are in
the DOE final review process and should be published shortly. They are of the
Turbocompound Diesel Engine and the Controlled Speed Accessory Drive. The
results of these two EAs are reported below.
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The Alcohol Fuels for Highway Applications (Gasohol) EA and the EHV
Programmatic EA should be completed later this fiscal year. Many results
are presented below and have been presented elsewhere 7 * 8 . Two other EAs
are just starting: one for the Turbine Engine in Bus Demonstration Program
and one for the regulation on how to include EHVs in the Corporate Average
Fuel Economy (CAFE) calculation mandated by PL 96-185.
The third type of document on the timeline is the Environmental
Readine3S Document (ERD). These documents are internal DOE reports
developed for the Assistant Secretary of the Environment (ASEV). They are
used to determine if a technology is ready to advance from one phase of
development to the next, for example, from basic to applied research or from
demonstration to commercializatjon. The information content of ERDs is shared
with EAs and EDPs and thus it is most efficient to have all these documents
produced from a common data base by the same set of analysts.
A fourth type of document, is the Environmental Impact Statement (EIS).
None have been required to date and are thus not shown on the timeline.
Whether an EIS will be required or conversely a Finding of No Significant
Impact (FNSI) made is determined with the assistance of the detailed inspection of a project provided Lri its EA.
It should be noted that; there are two DOE sponsors for the environmental process shown in the figure 10 : the Office of Transportation Programs
(OTP) under the Assistant Secretary for Conservation and Solar (ASCS) and
the Office of Technology Impacts (OTI) under the Assistant Secretary for
the Environment (ASEV). The F.UFs, save for the diesel one, are jointly
sponsored. EAs (and EISs) are end-use documents, the responsibility of the
project and therefore sponsored by OTP.

THK EVOLUTION OF A CONCERN
One way to demonstrate how the process works is to chart the evolution
of a concern from a vague issue to a well defined, measureable, testable, and
controllable phenomenon. The best example is the toxic gas stibine (SbH3)
which is generated during the charging of lead-acid electric vehicle batteries.
In the pilot EDP (ERDA-EDP-CO1, 1977) the concern was aot well understood but the EDP contained the following warnings about antimony. "Threshold
Limit Value (TLV) for...antimony 0.5 mg/m 3 ," (p. 58) and "Lead-acid batteries
involve the use of substances (lead, lead oxide, antimony) with known toxic
effects on humans. The ways in which people could be exposed to these substances through electric vehicle use have not been systematically studied.
The specific chemical forms must be determined for toxicicity studies,"
(p. 59). On pages 41 and 42 the EDP assigned the following research items
to be completed by October 1, 1979: identification of health effects for
improved lead-acid ba< teries and establishment of unit and material handling
guidelines for improved lead-acid batteries.
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The requested health effects research has been underway for a couple of
years, sponsored by ASEV at Argonne's Environmental Impact Study Division9.
An initial report is in draft form and characterizes the health impacts of
stibine. The most recent update on the OTP EDP better defines the concern
and defines and schedules the required characterization, health effects
research and control strategies2.
The EHV Demonstration EA addresses the stibine issues. The EA states
"The generation of...stibine (SbH3) during charging of EV batteries lias not
been measured experimentally and reported in the open literature.... For
typical garages, positive ventilation is required to bring stibine concentrations below the TLV. Site operators and individual users are advised to have
sufficient air flow rates for their charging facility" ref. 4, (p. 20).
Recently, as the initial DOE FHV Demonstration vehicles were being
tested and introduced into use, the test lab staff and demonstration site
operators again raised the stibine issue. Argonne produced * ••' :.ce paper
in response to these concerns 10 . The chemistry of off-gassing during leadacid battery charging was summarized, highlighting the importance of cell
voltage levels above 2.5 V. The major force of the white paper was to present
the healtn effects of the two possible toxic hydride gases at acute and safe
(below the occupational exposure limit) levels, and to outline procedures for
safe handling of the gases in any event. Although there is some debate on
the long term effects of low (safe) levels, there is no mistaking
the characteristics of exposure to high levels. At safe levels, the gases
or the metals are eliminated by the digestive system. Near fatal exposure
levels, which are several orders of magnitude higher than those detected from
batteries, breakdown of blood takes place, appearing as blood in the urine,
followed by symptoms of gastro-intestinal distress and death if treatment
by transfusion of whole blood, or dialysis, is not performed. This information is of great value to people working with lead-acid batteries, similar
in importance to knowledge of hydrogen's (also an off-gas) explosive
characteristics.
The interim procedures for assurance of exposure to no more than the
safe occupational exposure level (TLV set by OSHA) focus on adequate ventilation and the use of measurement devices. Additional empirical work on stibine
generation is required and is also specified in the white paper. Its results
are expected to lessen the precautions needed. The simplest recommendation
would be in the form of ventilation requirements; those in place fur hydrogen
dispersal may suffice if the early results are repeated. The research outlined
in the white paper is underway; no results are available yet.
The authors of the paper (a transportation system engineer, a biochemist
working as a toxicologist and two chemical engineers) stated it is "our
judgment that vehicle operation and testing may proceed. Specifically, we
conclude that stibine generation... at rapid enough rates to induce acute toxic
response, is not at all likely. Procedures to guard against low level exposure
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until more definitive data on ambient concentrations of the gases are
collected are presented in this report..." (p. 1 ) .
The white paper is significant in two ways: (1) that it
successfully addressed a real, technical problem that occurred in EV
development; and (2) that it was spearheaded by the environmental
assessment group. The credit for the first goes to all participants for
being so well-versed in their specialties. The second is a measure of
the usefulness of environmental assessment as an effective approach to
evaluating technology R&D problems.

ENVIRONMENTAL ASSESSMENT RESULTS
A.

PROGRAMMATIC ELECTRIC AND HYBRID VEHICLE ENVIRONMENTAL ASSESSMENT

This is the first EA of a major OTP Program. Thirty-one limited
distribution discussion drafts to facilitate peer review have been produced
as has a review rough draft of the full document. It is an assessment of the
environmental impacts of five EHV market penetration scenarios for 1985, 1990
and 2000. These penetrations are each based on a consistent set of variables
describing the national economy, energy availability and price, EHV technological advances, DOE EHV RD&D funding, and actions of other federal
government and private a g e n c i e s which would affect EHV market shares.
The scenarios range from a low of three million EHVs on the road in 2000 to
a high of 24 million in that year. In general, environmental impacts
before the year 2000 from EHV development are marginal at best for the lower
scenarios with some becoming concerns in the middle scenario and a few
becoming significant in the higher scenarios. Many of the concerns are very
localized and deal with the physical environment, ecosystem and health impacts
of battery material mining and processing and battery manufacture or with
the air quality impacts (especially SO X ) of electricity generation for vehicle
operation. Since the draft EA itself is about 150 pages and the technical
appendices about 400 additional pages the summary which follows mentions only
some of those impact areas where negative environmental concerns from EHV
development result.
The materials impacts are interesting. While many materials used in
vehicle and battery production were considered, only nine metals, mostly used
in the four types of batteries characterized, are projected to have significant
demand and thus require detailed analysis. Nickel and cobalt will probably
pose the greatest problems since they are important in the nickel/zinc battery.
Some argue that this battery is the only candidate battery which will make EVs
viable in more than a very few small markets in the next fifteen years.
Through the year 2000 much nickel and all cobalt will remain imported mostly
from countries which could establish materials cartels. Recycling processes
are not developed and EHVs will require large amounts of these metals. These
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factors directly impact vehicle price and the U.S. balance-of-trade. The
impact on balance-of-trade could be so severe under certain combinations of
future conditions that the cost of imported oil (gasoline) would be less than
the cost of the imported nickel and cobalt used in EHVs. Under the high
scenario which results in 24 million electric and hybrid vehicles on the road
by 2000, the SHV demand for nickel and cobalt are 210% and 314% respectively
of the Bureau of Mines projected U.S. demand.
In terms of air pollutants, the EA finds vehicle manufacturing
emissions exceed those for conventional vehicles on a per vehicle basis for
the criteria pollutants by 1.5 to about 5.0 times, depending on the pollutant
and the scenario. For heavy metals, emissions to the air could be even
larger. In terms of vehicle operation, the type of fuel used to generate the
electricity is the important factor in projecting emissions to the air. The
actual generation of nuclear power does not produce any of the standard air
pollutants. EHV power generation from coal fired plants would reduce emissions
on a per vehicle basis for each of the criteria pollutants except for S0 x The increase can be an order of magnitude or more, which if factored u^ <take into account a mix of vehicles in an urban area and included w 5 .h oth>
stationary sources, may not be insignificant.
This potential acid rain problem, along with the air, water an<.
' d
waste impacts associated with increased metals mining due to battery production
under the higher scenarios,will have negative effects on the ecosystem unless
strict standards are enforced in concert with improved control techniques.
Within the context of this EA several impact areas were assessed for
localized effects. For example, the economic, employment and population
impacts on Iron Co., No., a major lead mining area (lead for lead-acid batteries),
were analyzed for the various scenarios. In this example, the capital impacts
on eleven sectors of local government were projected. In 1990 increases of two
to six percent can be expected above a no-EHV future. Under the high scenarios
in 2000 increases in capital expenditure for solid waste, fire protection and
hospitals will be greater by 1556%, 763% and 207% respectively, than with a
future of no EHVs.
B.

ALCOHOL FUELS FOR HIGHWAY APPLICATIONS ENVIRONMENTAL ASSESSMENT

Like the Programmatic EHV EA, the gasohol environmental assessment is
scheduled for review and final publication by the end of the fiscal year
(9/30/80). Half of the twelve discussion drafts have been published. The
assessment is structured similarly to the electric and hybrid vehicle assessment,
using one projection without gasohol as a baseline to compare the effects of three
different levels of DOE program effort and corresponding success. These three
alternatives, briefly described as high, medium and low markets for gasohol,
constitute the alternatives assessment required in an environmental impact
statement. There are actually two medium scenarios, one defined with large
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regional variation owing to the regional variation in supply. The other •
sets gasohol in a successful nationally coordinated synthetic fuel program.
Some of the preliminary results follow.
Empirical data comparing exhaust emissions of gasohol* to gasoline exists
and some generalisations can be made. The act-al differences vary greatly
depending on the age and type of vehicle since air/fuel ratios and emission
control systems have and will continue to change significantly. If no
engine adjustments are made, CO emissions will decrease with the use of
either ethanol or methane blends. The tail pipe emissions cf unburned fuels
(HC and alcohols) tend to increase with methanol and decrease with ethanol
when compared to gasoline. N 0 x production changes, but with mixed results.
Unregulated aldehyde emissions exhibit consistent increases with either blend
but will be almost completely eliminated from vehicles with the new three-way
catalyst systems. Blends have a higher vapor pressure than gasoline or alcohol.
Therefore evaporative emissions, both from the vehicles fuel system and from
the fuel distribution system, may well be the most difficult environmental
problem.
Fuel economy expressed in terms of miles per Btu, may slightly increase or decrease, usually ±2%. Because the specific energy of alcohol
(Btu/gal) is lower than for gasoline, fuel efficiency in mpg usually decreases.
One of the least studied areas of the gasohol question is that of fuel
distribution. The EA identifies two major problems: the incompatibility of
alcohol with some materials used in the existing gasoline distribution system
and the fact that the alcohol separates from gasoline when water is present.
Water is present in many portions of the gasoline distribution system. Many
solutions to both of these problems have been proposed, but none sufficiently
tested. The EA studies three blend mixing sites: at the refinery, at local
storage terminals and at the pump. The at-the-pump solution is the most
expensive, both in terms of dollars and energy. Here two separate distribution (and storage) systems have to be maintained. For example, if in the
year 2000, all gasoline were substituted with a 80/20 blend (20% alcohol),
the additional annual costs for distribution and pump blending would be
$2.3 billion and 77 x 1 0 1 2 Btu. However blending at the pump reduces the
water stimulated separation problem and assures cleaner fuels since alcohol
is a strong solvent and cleans out existing distribution systems.

*Gasohol, as currently defined, is 10% ethanol and 90% unleaded gasoline. This
summary also includes results from a 10% methanol blend. The EA assesses
both alcohols.
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C.

CONTROLLED SPEED ACCESSORY DRIVE PROGRAMMATIC ENVIRONMENTAL ASSESSMENT

This and the next EA are in draft form and are undergoing DOE review.
It is probable that these EAs will both result in findings of no significant
impact. The Controlled Speed Accessory Drive (CSAD) reduces automotive
accessory (air conditioning, water pump, etc.) speeds as engine speed
increases. Thus bearing and windage energy loses are reduced since the
accessories consume less power. This is possible since most accessories are
sized to provide full accessory power at low or idle engine speeds. CSAD
systems substitute a variable ratio belt drive for conventional fixed ratio
drive 1 2
The major conclusions reached in the CSAD assessment are:

D.

a)

CSADs will generate fuel economy benefits averaging
between two and ten percent,

b)

CSADs when bolted onto existing automotive designs may
not provide adequate engine cooling when operated at
high ambient temperatures or under heavy loading, and

c)

The air emission effects of CSAD are not clear and
reported test data show mixed results. However, CSAD
equipped vehicles will have to meet air quality standards
and thus will not impact the environment more
than non-CSAD vehicles.

TURBOCOMPOUND DIESEL ENGINE PROGRAMMATIC ENVIRONMENTAL ASSESSMENT

The advantage of the turbocompound diesel engine (TDE) is that power
output per unit of fuel is increased relative to a conventional heavy duty
diesel by gearing a low pressure power turbine driven by engine exhaust gas
directly to the engine crank shaft 12 . Preliminary conclusions concerning
the incremental environmental changes associated with the TDE relative to the
conventional heavy duty diesel are:
a)

TDE will have a positive impact on fuel economy, a 8.5%
reduction in fuel use should occur at the engine's rated
output,

b)

To date TDEs have not been tested for particulate
emissions but engineering estimates indicate they
should be within a range of ±15%,

c)

It is not known if TDEs will change the carcinogenic
properties of diesel particulate emissions,

d)

TDEs may reduce braking capacity and have different
acceleration characteristics,
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e)

TDEs are not expected to be significantly noisier,

f)

Driver and mechanic training would probably be
necessary, and

g)

Slightly more downtime could be expected.
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INTRODUCTION
Diesel exhaust is known to contain a relatively high concentration of
particulate matter which may adversely effect public health.

EPA has

recently promulgated standards on the total weight of particulate emitted over the Federal Test Procedure. The U.S. Department of Energy is
funding the development of gas turbine engines for use as automotive
power plants. The gas turbine must be capable of meeting and exceeding
both current and future emission standards. This paper analyzes current
particulate measurement techniques and the adaptability of these techniques to the measurement of particulate emissions from turbine engines.

The organization of this paper is as follows: The particulate formation
process is briefly described and a general methodology to measure combustion particulate emissions is outlined.

This is done to explain the

rationale of the EPA Recommended Procedure for particulate sampling from
automobiles.

The EPA Procedure is reviewed and the differences possible

in the implementation of this procedure are identified.

The differences,

or uncontrolled parameters, are examined for their effects on measured
particulate emissions. The EPA Recommended Procedure's adaptability to
measuring particulates from the gas turbine engine is examined.

The

effects of the uncontrolled parameters in relation to the gas turbine's
exhaust are analyzed and specific recommendations for the control of
these parameters to improve the accuracy of particulate emission measurement are made.

PARTICULATE COLLECTION AND RATIONALE
Particulates are defined to be any dispersed matter, both in the solid
and liquid phases, present in dilute exhaust gases at conditions close
to ambient. The lower limit of particulate size is not defined clearly,
but practical considerations and statistical significance place the
D

lower limit at about 100 A.

This value is associated with some re-

presentative dimension of the particle, such as the diameter for a
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spherical particle, or some average dimension for an irregularly shaped
particle.

Most automotive particulate emissions are composed of many

differently sized particles; size descriptions are usually given in
statistical distributions. The size determines the aerodynamic behavior
of the particle and this must be accounted for as well in the measurement.

The following two sections detail the formation process of

exhaust particulates and the rationale for a collection technique that
would duplicate this formation process.
Particulate Formation
Researchers have compared the formation of particulates from various
combustion sources and found that the size of particulates obtained from
natural gas flames, oxygen-acetylene flames, and diesels is similar.
Lipkea and Johnson,

who have surveyed results of particulate emissions

studies from a wide variety of sources, indicate that all combustion
produces primary particles that range in size from 0.01 to 10 microns
but vary in composition and physical properties, depending on the type
of combustion and fuel used.

This finding indicates that similar measure-

ment techniques can be applicable to the variety of engines currently
used for automotive propulsion such as Otto cycle, stratified charge,
and diesel engines.

A simplified diagram of particulate formation in internal combustion engines is given in Figure 1.

Khan, et_ a\_. suggest that the formation

of soot particles involves the pyrolysis of fuel hydrocarbons, both in
the gas and liquid phase. Nucleation, or the formation of embryonic
nuclei, occurs in locally fuel-rich areas where combustion is incomplete.
This process develops because of the extremely complex turbulent mixing
and combustion occurring in the cylinder.

Intermediate species are

formed in the pre-combustion zones, and these species have side reactions forming polyunsaturated hydrocarbons which lead to the growth of
nuclei into soot particles by aggregation. As the exhaust gas passes
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Figure 1. Particulate formation process in a diesei ennine.
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through the manifold, it is cooled somewhat, and the aggregation processes continue along with the adsorption of hydrocarbons on the surface
of the particulate.

Physical coagulation or "agglomeration" also takes

place and, when the exhaust is released to ambient air, the sudden
cooling and dilution causes the hydrocarbon matter to condense, resulting in greater agglomeration and adsorption.

It is at this diluted

level that the particulate matter must be sampled and measured.
Rationale of Measurement Techniques
It is clear that the exhaust pipe and the atmosphere play a part in the
formation and growth of particulate matter.

Consequently, any labora-

tory procedure must (a) simulate engine load and speed conditions occurring in normal use, (b) simulate flow through the exhaust pipe and
dilute the exhaust emerging from the exhaust pipe with ambient air, and
(c) sample the dilute exhaust in such a way that particulates may be
trapped without interfering with the particulate growth process or
aiding in the formation of artifacts due to measurement.

The atmosphere

offers the capability of infinite dulution, a situation that cannot be
achieved in any simulation. However, several studies have suggested
that particulate growth is virtually complete within a few feet of the
tailpipe outlet. Dr. Bradow, in an oral presentation to SAE,

showed

that the dilution ratio remains fairly low (around 10:1 to 20:1) in the
immediate vicinity of the tailpipe for an Oldsmobile but rises dramatically
(to about 1000:1) as the air vortex from the automobile roof mixes with
exhaust. This suggests that laboratory simulation can be realistic at
manageable dilution ratios, if particulate formation is complete near
the tailpipe as suggested by the studies.

REVIEW OF SAMPLING TECHNIQUES
EPA Recommended Procedure
The procedure recommended by EPA for particulate sampling and measurement is an extension of the basic constant volume sampling (CVS) method
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used for gaseous pollutant measurement.

It must be noted that the

procedure only measures the total weight of particulates emitted duTing
the Federal Test Procedure driving cycle. The EPA method involves
driving a car on a chassis dynamometer in accordance with the Federal
Test Procedure test cycle to simulate typical vehicle speeds and loads.
The vehicle tailpipe(s) is connected by a short length of tubing to a
diluton tunnel, where the exhaust gas is mixed with filtered ambient air
at a dilution ratio that approximates real world conditions. The dilute
exhaust is sampled downstream from the point at which air and exhaust
are mixed together at a distance sufficient to allow the mixing, hydrocarbon condensation, and agglomeration process to be essentially complete.

The sampling is by means of a probe and filter arrangement. The

net flow through the tunnel (i.e., the sum of exhaust gas and dilution
air) is kept constant, to provide proportional sampling, by means of
heat exchanger and a positive displacement pump (PDP) or a critical flow
venturi (CFV).

EPA's entire sampling system is shown schematically in

Figure 2.

Identification of Uncontrolled Parameters
There is wide diversity in the particulate collection schemes employed,
and these differences can exist even within the scope of the EPA recommended procedure. The differences, comprised of various uncontrolled
parameters, can be divided into two main categories.

The first category

classified as simulation parameters, includes parameters that simulate
the (1) state and heat transfer of the tailpipe; (2) dilution air properties and dilution ratio: (3) effect of mixing air and exhaust to
maintain time-temperature-concentration profiles similar to those encountered by the particulate. The second category, classified as collection parameters, includes:

(1) the tunnel configuration and the

effects of tunnel maintenance procedures; (2) the probe position, type
and length of line to the filter; (3) the type of filter or collection
apparatus used to trap the particulate. All these uncontrolled parameters can affect the weight, size distribution, organic fraction, and
chemical species present on the particulate.
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EFFECTS OF SIMULATION PARAMETERS
As stated previously, simulation parameters affect the processes that
govern particulate formation. This is because, in simulation, the
vehicle is stationary on the chassis dynamometer and the exhaust is
artificially mixed with a finite amount of dilution air, in contrast to
a moving vehicle discharging exhaust into an infinite sink.

Because

of the interaction between the dilution ratio and mixing rate, these
variables are discussed jointly.

The effects of specific simulation

parameters on particulate formation are detailed below.

(1) Tailpipe State and Heat Transfer Simulation
Theory indicates that the temperature gradients in the tailpipe are sufficiently high to seriously affect the aggregation, agglomeration, and
condensation processes occuring in the tailpipe.

In addition, the tail-

pipe has particulate deposits on its walls and produces particulates due
to corrosion and wear. The tailpipe and connecting pipe roughness also
play a part by trapping particulates on its walls. Simulation of the
4/
exhaust pipe state was studied by Danielson,

who showed that particu-

late formation decreases with successive runs at wide open throttle
(WOT) (see Figure 3). In the Federal Test Procedure, after a WOT preconditioning, diesel emissions decreased 16 percent in an Oldsmobile
diesel but did not decrease in a Mercedes-Benz 300D. This indicates
that preconditioning effects are a function of both the exhaust pipe
design and the absolute particulate emissions of the vehicle.
The effect of heat transfer on the exhaust pipe is difficult to examine
because airflow under a moving vehicle is difficult to simulate with a
stationary vehicle. However, heat transfer effects can be estimated in
an indirect fashion by studying the impact of the connecting pipe, which
provides additional surface area for heat transfer.

In an unpublished

study, Danielson ' found that a long connecting pipe (about 15 ft) with
a rough inner surface yielded errors of +20 percent in particulate
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emission tests. This error existed when measuring the total weight of
particulates; even greater errors are possible when measuring soluble
organic matter emissions and individual chemical species. Thus, it
appears that heat transfer, exhaust pipe preconditioning, and pipe
surface roughness could substantially affect particulate measurement.

(2) Dilution and Mixing of Exhaust
The cooling and dilution of exhaust with filtered ambient air in the
dilution tunnel cause some gaseous hydrocarbons to condense on the particulate surface. Particulate agglomeration and hydrocarbon adsorption/
desorption also occur upon cooling and dilution.

In the EPA method of

measurement, the dilution ratio (or the volumetric ratio of ambient air
to exhaust) is not kept constant during particulate emission measurement
over the prescribed driving cycle. Rather, the principles of the EPAspecified constant volume sampling method require that the total flow
(exhaust plus dilution air) through the tunnel be kept constant and,
therefore, the dilution ratio at any instant is inversely proportional
to the exhaust flow. The only requirement for dilution is that the peak
temperature of dilute exhaust not exceed 125°F.

In the dilution tunnel, the dilution ratio simultaneously determines the
final temperature of exhaust, the mixing rate, and the particle residence time in the tunnel. This is because, for a fixed tunnel size,
increasing the dilution ratio increases the flow rate through the tunnel
which, in turn, increases the rate of mixing of exhaust and air, and
decreases the time the particle spends in the tunnel before being
sampled.

Since the dilution air properties are constant, increasing the

dilution ratio lowers the dilute exhaust temperature and also changes
the relative humidity of dilute exhaust. Most experiments performed on
the effect of dilution ratios do not control for the other variables
that are affected simultaneously.

The separation of effects of the

individual variables is not possible from the data.
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The effect of dilution ratio on the weight of particles emitted and the
soluble organic content of participate has been evaluated by several
researchers' in comparing the results, errors are introduced because of
the differences in sampling and characterization methods used by the
researchers.

The differences attributable to the errors associated with

the choice of filters or the choice of solvent for extracting the
organics may be greater than the; variable under study, i.e., the dilution
ratio.

Laresgoiti, et_ al_.

sampled participate from a Mercedes-Benz

0M616 engine, using a glass fiber filter, and found no difference in
weight of particulate emissions from raw and dilute (8:1) exhaust.
I'risch, Johnson, and Leddy

measured particulate emissions from a

Caterpillar 3208 heavy-duty diesel engine at various dilution ratios
ranging from 0 to 50.

They found large increases in total particulate

weight with increasing dilution ratios and accounted for this increase
in terms of the total soluble organic fraction (DCM* soluble) of the
collected particulate.

The results, illustrated in Figure 4, also show

the effect? of mixture temperature and different filter media on this
result.

Condensation of hydrocarbons due to their high initial concen8/

tration may account for these results.

Williams and Begeman

in-

vestigated a light-duty diesel at various steady state speeds with two
different dilution ratios.

At all speeds except idle, an increase in

dilution ratio led to an increase in the percentage of soluble organic
matter (solvent:

Benzene+EtOJI) present on the particulate.

The effect

of dilution on total weight of particulate was not reported.

The results

of Laresgoiti, et_ a£., appear inconsistent, but it may be due to the
fact that their sampling method did not use a dilution tunnel.
Black and High

9/

performed a series of transient tests on diesel-powered

automobiles at different average dilution ratios ranging from 8 to 20.
No significant differences were found in the particulate emissions or
the soluble organic fraction (DCM soluble) of the particulate.

Peak

temperature recorded during the tests was 136 F, but the average temperature was below 125 F.

* DCM - Dichloromethane

Tests by EPA have extended this result to very
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high dilution ratios, up to 275:1.

All dilution values quoted in con-

nection with transient tests are average values, and instantaneous
values can differ by as much as an order of magnitude between, for
example, the idle mode and high-speed wide-open throttle mode. The
results indicate that the dilution ratio is a less important variable
for transient tests than for steady-state tests.

Cuthbertson, et^aj_.

studied the effect of varying sample temperature

alone at constant dilution ratio. The results, illustrated in Figure 5,
are based on driving a car over the (hot) FTP and show that particulate
weight and the organic content of the particulate are strong functions
of filter temperature.
imately 125 F.

Particulate weight reaches a maximum of approx-

Below 125 F, the results showed considerable scatter,

possible due to the capture of light volatiles on the filter that later
are lost or retained, depending on the pre-weighting process. This result indicates that average filter temperatures may have the greatest effect on collected particulate weight. The interactions with the filter
are discussed in greater detail in the following section.

EFFECTS OF COLLECTION PARAMETERS
The collection parameters include the apparatus necessary to sample the
exhaust and collect the particulate material. The effects of these
parameters on particulate emission levels are detailed below.
(1) Tunnel Type and Preconditioning
In spite of a wide variety of tunnel sizes and lengths used in measurement tests, particulate emission results can be affected only if (a) the
residence time of exhaust after dilution changes; (b) particulate matter
is lost to tunnel walls; or (c) particulate matter and/or hydrocarbons
are desorbed

from the tunnel wall.

Comparisons of emission results

from similar automobiles tested in tunnels having different residence
times indicate no systematic variations due to tunnel size. Particulate
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losses to tunnel walls are generally very small. Danielson
has shown
that successive test results after tunnel cleaning were identical.
Tunnel preconditioning and wall losses are, thus, not an important
factor in particulate emission measurements. Nevertheless, researchers
recommend that for successive measurements from sources having very
different particulate characteristics (such as gasoline and diesel
vehicles), the tunnel be cleaned to avoid particulate desorption.
Similarly, the use of stainless steel walls would preclude desorption of
any organic gases or corrosive particles from the wall, although there
is no evidence that this is a major factor in measuring particulate
emissions. EPA's recommendation for an electrically conductive and
grounded tunnel would prevent electrostatic precipitation of particulates
due to charged tunnel walls.
(2) Sample Probe and Line Configuration
The effects of the sample probe and line can be subdivided into 1) the
need to sample isokinetically and 2) the particulate losses occurring in
the line connecting the probe to the filter. There is uniform agreement
that, due to the very small particulate size encountered, there is no
necessity to sample isokinetically. The effects of isokinetic and non
isokinetic sampling and the effects of sample line length have been
investigated by Black and High.
Results indicate that emission
measurements are not sensitive to probe and line configuration. The
effects of probe cleaning and preconditioning also are not expected to
affect measurement results.
(3) Trapping Media and Configuration
Although there has been some investigation of electrostatis precipitators, the use of filters to trap particulates is far more common. This
later method is useful only for determining total particulate weight and
for chemical characterization. Size distribution usually is determined
by directly passing dilute exhaust through an optical or mechanical
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size measuring device. The filter technique can miscalculate factors
due to (1) absorption of gaseous hydrocarbons by filter media; (2)
artifact formation due to catalysis of chemical reactions by filter
media.

Filter media normally used are glass fiber, teflon coated glass

fiber, and fluoropore membrane filters. Other filters such as quartz
fiber and cellulose ester membrane filter also have been investigated.
Springer, in an investigation of diesel powered cars,

compared the

results of the measured total particulate emissions on the FTP using
glass fiber and fluoropore filters. The glass fiber filters always
yielded a higher result; however, the difference between results was not
consistent and varied from car to car and from the hot start test to
14/
the cold start test. Black and High
compared the results of two
diesel powered vehicles on the LA-4 cycle using glass fiber and teflon
coated glass fiber filters. Again, the glass fiber filter gave the
higher result, and analysis of the particulate matter on the two filters
shows that the results could be accounted for by the differing amounts
of organic material present on the two filters. The results, shown in
Table I, indicate that the glass fiber filter absorbs gaseous organics;
this has been confirmed by the introduction of a second (or backup)
filter behind the first one. Ford Scientific Research Laboratories have
investigated several filters" ' and state that glass fiber filters convert some of the SCL present to sulfates, and also promote oxidation of
hydrocarbon on the particulate.

Although EPA recommends minimum filter flow rates and maximum loadings,
filter efficiencies are sometimes functions of sample flow rate and
particulate loadings. Flow rates are susceptible to filter plugging and
the filter loading increases as the test progresses; the factors are
thus interrelated and proportional sampling becomes difficult even if
the issue of artifact formation is ignored.

For example, teflon coated

filters appear to have much less artifact forming capability but at the
same time exhibit poor efficiency at low filter loadings when compared
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Table 1 - Glass Fiber Versus Teflon Coated Glass
Fiber Filter Media (18)

Total
Particulate
i)

Filter
Med i a

Vehicle
r~~

Particle
Extracts
(g/mi)

Extracts
{% of Total
Particulate)

-—

Rabbit

Tef/GLass

0.169

0.046

27.2

Rabbit

GF/AE

0.200

0.072

36.0

0.031

0.026

Difference
Nissan

Tef/Glass

0.389

0.056

14.4

Nissan

GF/AE

0.408

0.074

18.1

0.019

0.018

Difference
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to a glass fiber filter. Other filters, such as quartz filter or membrane type filter, are very fragile, making their handling and subsequent
chemical analysis very difficult.
Filter technology for estimating automotive particulates is not well
developed. Fluropore filters appear to be satisfactory for estimating
sulfates due to their low S0 9 conversion, but suffer from plugging
problems. Glass fiber filters are efficient but absorb gaseous hydrocarbons and promote artifact formation. Teflon coated glass fibers
exhibit poorer trapping efficiencies but are less active promoters of
artifact formation. Other types of filters, such as quartz fiber or
membrane type filters, are undergoing investigation. However, the
choice of filter media depends on the user's sensitivity to those dif
ferent trade-offs in accuracy.
PARTICULATE MEASUREMENT FROM THE GAS TURBINE AUTOMOBILE
In order to assess the applicability of existing participate measurement
techniques to gas turbine powered automobiles, it is useful to review
the specific properties of gas turbine exhaust in comparison to the
diesel piston engine's exhaust. For engines of comparable power output,
the major differences in exhaust characteristics are the high mass flow
rate cf exhaust and low concentration (but not neccessarily low total
mass) of pollutants present in the exhaust for a gas turbine in comparison to a diesel. Peak mass flow rates are 10 times higher but
average mass flow rates can be twenty times higher for the gas turbine
engine. This is because only part of the air is used for combustion;
this air is then diluted within the engine at approximately n 3:1 ratio
of dilution to combustion air. Air-fuel ratios calculated on the basis
of combustion air alone are equivalent to diesel air-fuel ratios, but
due to the nature of the combustion process, the amount of hydrocarbons
generated is lower in a gas turbine than in a diesel. Overall concentrations of hydrocarbons in the exhaust are lowered even further because
of the dilution of exhaust within the engine. The impact of these
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differences on the measurement of particulates from gas turbine automobiles is discussed below.
Because of the similarity of combustion particulates, the dilution
tunnel concept of sampling is applicable to the measurement of particulate emission from gas turbines. The study of the EPA recommended particulate emission measurement techniques, reveals the sensitivity of
measured particulate emissions to (1) the state of the tailpipe, (2) the
filter temperature and, under certain conditions, the dilution ratio,
and (3) the choice of filter. Each of these parameters must be closely
controlled to provide an accurate measurement of particulate measurement. The control of these parameters with respect to the measurement
of particulate emissions from the gas turbine is detailed.
(1) Tailpipe State
The gas turbine automobile's tailpipe presents a large surface area to
the gas stream where particulate may be deposited and consequently reentrained. Thus, the preconditioning of the tailpipe is a prerequisite
to obtaining the correct measurement of particulate emissions. It is
recommended that automobile be driven through three FTP driving cycles
prior to beginning the test procedure to precondition the tailpipe.
Additionally, the pipe used to connect the tailpipe exit to the dilution
tunnel must be sized so that the backpressure is not excessive even at
peak airflow. Tailpipe static pressure is required to be within ^15
inches of water of pressure variation observed with no connection on the
tailpipe. This can be used as a criteria to size the tailpipe connection tube. Insulation of the connecting tube to prevent excessive
heat transfer and resulting thermal gradients is also recommended.
(2) Dilution Ratio/Filter Temperature
The major problem associated with the gas turbine is the requirement to
dilute a large volume of exhaust. The accurate metering and control of
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high flow rates is difficult and the equipment required to do this is
costly and unavailable. Typically, diesel exhaust is diluted at approximately 10:1 average dilution ratio for particulate measurement.
For today's gas turbine automobile, such a requirement would require CVS
equipment to handle 10,000 CFM of dilute exhaust flow. However, some
mitigating circumstances exist. They are:
•

The dilution of combustion air within the engine reduces the
need to dilute the exhaust for the gas turbine to the same
level as that required for diesel exhaust. Since the inter.nal dilution ratio is 3:1, an external dilution of 3:1 will
achieve the same overall dilution ratio. This will still
require a CVS flow capacity of about 4,000 CFM. The reproduction of dilution ratio is primarily to control condensation
and absorption of gaseous hydrocarbons by the particulate
and meet the 125°F filter temperature specification.

•

If gaseous pollutant concentrations in the exhaust of a gas
turbine are low enough to preclude condensation and adsorption of hydrocarbons, further dilution of the exhaust may
not be necessary. In this case, control of filter temperature may be achieved by cooling the exhaust in the sample
line prior to filtration. However, it is difficult to
know in advance if gaseous pollutant concentrations are
low; such an assumption may not be true time for tests
using low quality fuels.

•

To surmount the problem of accurately metering and diluting
high exhaust flow rates, only part of the exhaust can be used
for dilution and sampling. Obtaining a constant exhaust split
over the FTP has been a problem with conventional (piston)
engines, but the gas turbine offers some advantages over piston
engines in that the exhaust flow variations over the FTP are
lower relative to a spark ignition engine. A feedback control
mechanism to provide constant correction for the split can
be used; such a mechanism has been described by Springer, et^
al. If 5 to 10 percent of the exhaust is used for dilution
and sampling, the gas turbine automobile can be tested on
equipment that is currently used to test diesel powered automobiles for particulate emissions.

(3) Choice of Filter
The choice of filter is especially important for measuring particulates
from gas turbine engines. Because of the low concentrations of particulate, high sample flow rates and good filter efficiency at low sample
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loadings are important. On the other hand, the low concentrations of
gaseous pollutants lower the probability of adsorption of these pollutants by the filter surface. At the present time, glass fiber filters
appear to be a good choice for this set of exhaust characteristics in
that they offer low pres

e drop and good collection efficiency.

If

low dilution ratios are uscJ, external control of filter face temperature is also recoi
recommended LO insure adherence to 125 F maximum filter
temperature limit.

SUMMARY
Current particulate emission measurement techniques have been analyzed
with regard to their adaptability to measuring particulate emissions
from gas turbines. The EPA Recommended Practice uses the dilution
tunnel method to dilute exhaust with ambient air.

The dilute exhaust is

sampled by means of a probe and filter. There are many unspecified
parameters in the EPA Recommended Practice, and these parameters are
identified and analyzed in relation to their effects on measured particulate emissions. Three parameters were found to have significant
effects on measured particulate emissions. They are (1) the tailpipe
state, (2) the dilution ratio and dilute exhaust temperature, and (3)
the filter type.

Specific recommendations on the control of these

parameters are made for the accurate measurement of particulate emissions from gas turbine powered automobiles. These recommendations are:
•

Preconditioning of the vehicle and tailpipe

•

Control of the dilution ratio to approximately 3:1

•

Control of sample temperature to below 125°F

•

Choice of glass fiber filters to optimize sample flow rate
and filter efficiency.
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THE POTENTIAL OF ELECTRIC AND HYBRID VEHICLES.

William Hamilton
Coner.il Research Corporation

ABSTRACT

A Technology Assessment of KHV's currently unck r w.iy focuses on
impacts of the introduction of these new technologies into rhe environment. While electric cars are highly desirable for conservation and the
environment, their probable sales, use, and total beneficial impacts are
limited because their range.-; will be insufficient for many applications,
even with improved batteries and technology. The range-extension hybrid
configuration considered here removes Lhis drawback by replacing part of
the propulsion battery with a small internal-combustion engine sized for
highway cruising. Urban operation, however, would remain all-electric.
If all future personal cars were range-extension hyhrid.s, their petroleum
consumption would be reduced by 67-74 percent , nearly as much as if they
were pure electrics. Impacts on urban air pollution and traffic noise
of the hybrids would be only slightly less favorable than those for allelectric cars. Overall, the range-extension hybrid removes the principal
obstacle to general use electric vehicles, limited range, hut preserves
the benefits of electric drive for conservation and the environment in
urban areas.
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THE PROMISE OF ELECTRIC CARS
In the past, the 1imited range of electric cars has made them inadequate for most drivers in the United States. Major improvements in
propulsion batteries, however, are being actively pursued; if successful,
they could increase energy densities by up to four times the present
figure of 100 kJ/kg (Table 1 ) . With improvements expected in electric
car technology, they could make possible the driving ranges shown in
Table 1. In comparison, the full day travel distances of urban drivers
are relatively modest; 95 percent of drivers surveyed in Los Angeles and
Washington reported less than the figures given in Table 2. Clearly,
improved electric cars could be adequate for almost all urban travel davs
even for primary drivers, those drivers traveling most at multi-driver
households. For the secondary drivers at multi-driver households and for
only drivers at one-driver households, daily travel distances are even
less.
If electric cars with improved capability were to be widely used,
there would be major benefits for conservation and the environment.
Present and planned capacity of electric utilities to generate overnight
recharge power is adequate for tens of millions of electric cars, so
expensive new facilities would be unnecessary. In much of the nation,
no petroleum would be used in generating recharge power, though in a few
areas (Hawaii, Southern California, New England) much or all of recharge
power would be generated at petroleum-fired power plants. Electric cars
emit no air pollutants, so their substitution for conventional cars could
bring about major reductions in urban emissions of hydrocarbons and carbon
monoxide. Offsetting this would be modest increases in emissions of sulfur
oxides from power plants, but these emissions are more amenable to control
and are often remote from urban areas. Flectric cars are also quiet; they
could help reduce traffic noise, the major noise problem in US cities.

PROBLEMS OF LIMITED RANGE
If designed for the shortest ranges indicated in Table 1, electric
cars could be competitive in life-cycle costs with conventional cars. It
appears, however, that consumers would prefer cars with larger batteries
designed for longer ranges, despite their additional weight and expense.
Even though drivers travel long distances in urban areas relatively infrequently, as suggested in Table 2, the importance of the long-distance days
appears considerable. A market model based on in-depth consumer questioning indicates that the consumer would be willing to pay over $1200 for an
extra 80 kilometers (50 miles) of range, far less than the cost of providing it with the nickel-zinc or lithium-sulfur battery systems in Table 1.
Spokesmen for General Motors, which has announced intentions to market
electric cars after 1985. reiterate that a 100-mile range (160 kilometers)
appears to be necessary.^ Especially for 1985, this must be considered a
long range for an electric car.
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TABLE 1
URBAN DRIVING RANGES OF REPRESENTATIVE
FUTURE ELECTRIC CARS
Battery Energy
Density, kJ/kg

Urban Driving
Range, km 1

Year

Battery Type

1985

Lead-Acid

170

120 - 200 2

1985

Nickel-Zinc

280

130 - 340

1990

Lithium-Sulfur

410

350 - 570

Sources: Battery characteristics from Reference 1, Table 3.1;
car characteristics and range from the EVWAC model,
Reference 2, Appendix B.
1

0n SAE J227d Driving Schedule.

Minimum range is for maximum battery size giving adequate acceleration
(0-64 km/hr in 10 s ) ; maximum range is for battery weight equal to
35 percent of test weight.

TABLE 2
FULL-DAY URBAN TRAVEL DISTANCES

Type of Driver
Secondary
Primary
Only
Source:

95th-Percentile Travel, km
Washington
Los Angeles

55

75

110

220

85

150

1968 and 1967 origin-destination surveys (see Reference 1,
Table 5.1).
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The problem, of course, with long range is the weight and cost of
the resultant car. Figure 1 compares the weights of electric and conventional subcompact cars which might be sold in the mid-1980's. The cars
have freeway capability, equal (but modest) acceleration capability, and
identical upper bodies insuring equal accommodations and safety for passengers. Propulsion weights for the two cars are about equal. The weight
of battery for energy storage, however, is many times that of gasoline in
a tank, and provides ranges of only 160-240 kilometers (100-150 miles)
with improved lead-acid or nickel-zinc batteries. Moreover, the structure
and chassis of the electric car must be heavier in order to support the
large weight of the battery. As a result, even without battery the electric car would be heavier and more expensive than the conventional car.
With the battery, the initial cost differential would be so great that
even in the absence of important range limitations, the electric cars
would capture only a small share of the auto market.
Without large-scale purchase and use, of course, the potential of
electric cars for conservation and the environment will not be realized.

HYBRID PROPULSION FOR EXTENDING RANGE
In order to extend the range of an electric car, it is possible to
add a small internal combustion engine rather than enlarge the battery.
If sized for highway cruising plus slow battery recharging, the engine
could be relatively small, producing only 30 to 40 percent of the power
available from the basic electric drive. This sort of range-extension
hybrid would be operated as an electric car in almost all urban travel,
without any use of the engine. In long-distance travel, the engine could
be started after the battery had been discharged to perhaps 20 percent of
its initial capacity, thereafter producing the power required for cruising
at the speed limit. The small engine in the range-extension hybrid could
be both lighter and cheaper than the extra battery which it would obviate.
At the same time, it would give unlimited range, not just an increase of
perhaps 50 or 100 percent.
With unlimited useful range and lower initial cost, the rangeextension hybrid appears to have a market potential far exceeding that
of the electric car. One analysis of consumer preferences found that
sales of the hybrid might be five times greater than those of a near-term
electric car." Yet in urban driving, a range-extension hybrid car would
rival the electric car in its benefits for conservation and the environment. Thus the hybrid may be the best way to achieve the benefits of
electrification for automotive travel.
An elementary range-extension hybrid propulsion system is illustrated
schematically in Figure 2. A basic electric drive is shown to the right
of the vertical dashed line in the figure. For simplicity, efficiency,
and economy, this electric drive employs a conventional clutch and transmission, together with low-cost field control of the electric motor through

654

ENERGY
STORAGE
ENERGY
STORAGE

PROPULSION

PROPULSION
STRUCTURE
AND
CHASSIS

STRUCTURE
AND
CHASSIS

UPPER
BODY
ELECTRIC

CONVENTIONAL

Source:
Figure 1

Reference 2

Weights of Subcompact Cars

655

RANGEEXTENSION
ADDITION

BASIC
ELECTRIC
DRIVE

|

INTERNAL
COMBUSTION
ENGINE

DIFFERENTIAL

TRANSMISSION

ELECTRIC
MOTOR
CLUTCH

CLUTCH
FIELD
CONTROL

IJ

BATTERY

Figure 2

Drive Train of a Simple Range-Extension Hybrid

4000

2
I i 3000
UJ

(3
<t
cc
Q

z
O 2000
HI
DO
-J
UJ
<

1000

100
200
RANGE LIMIT, km

300

Source:

Figure 3

Reference

Average Travel Per Car Beyond a Limited Range

656

approximately the range of operating speeds now typical of gasoline automobile engines. In the electric mode, the car would be driven exactly as
is a conventional car with manual transmission. To the left of the dashed
line in Figure 2 is the internal combustion engine and a clutch which
allows it to drive the free end of the electric motor shaft. On the highway, the engine would be started by engaging the clutch. Thereafter, it
might run at its design throttle setting to provide all needed power at
the rear wheels for highway cruising, and in addition for recharging the
battery at a slow rate. Just as in the all-electric mode, the speed of
the vehicle would be varied by the field control on the electric motor.
With field weakening, the electric motor would speed up, drawing powtr
from the battery to accelerate the car. At higher field currents, the
electric motor would extract power from the internal combustion engine
to recharge the battery, and eventually would provide regenerative braking
as well.
Because of its simplicity and economy, the range-extension hybrid
configuration appears sufficiently attractive to find a place in the future
automotive market. There are other more expensive and complicated concepts,
however, which may prove both feasible and desirable—at least for demanding motorists—because of their higher acceleration capability. In the
range-extension hybrid, the maximum acceleration capability is basically
limited by the power available from the battery. Consequently, it will
be no greater than that of all-electric cars. This is substantially less
than that of most conventional cars now in the marketplace. In an alternative hybrid configuration, the internal combustion engine may be made
much larger "-'n relation to the electric motor and arranged so that it can
be started a .ost instantly when high acceleration is demanded by the
driver, even in urban driving.^ This stop-start requirement poses technical problems and the large engine may be more expensive, but the higher
performance may justify extra costs for many motorists. Yet another configuration would add a fly wheel to provide peak power for acceleration,
enabling both the internal combustion engine and the electric motor to be
relatively small.° Again, however, questions of feasibility and cost arise.

IMPACTS OF ELECTRIC AND HYBRID CARS
The relative impacts of using electric and hybrid cars depend on
the manner in which they would be exploited by drivers. Available data
is far from conclusive, but leads to the estimates in Figure 3 for the
amount of local travel and long-distance travel by the average US automobile which would lie beyond a given limited electric range. This is the
amount of travel for which use of the internal-combustion engine would be
necessary in the range-extension hybrid. The long-distance travel beyond
the electric range would be relatively little affected by increased electric range, because most such trips are far longer than the electric ranges
shown in the figure. Long-distance travel amounts to about 12 percent of
average auto travel per year, which is around 18,000 kilometers (11,000
miles). The amount of local travel shown in Figure 3 is bounded by
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estimates derived from survey data in Washington on the low side, and
Los Angeles on the high side. Uncertainties in these estimates and in
their applicability to other cities are considerable, but it appears
that with a useful electric range of 100 kilometers (60 miles), some
20 percent of the travel by the average US car would require use of the
engine in the range-extension hybrid. If the electric range were somehow
increased to about 300 kilometers (180 miles) engine use might be reduced
to roughly ten percent.
Petroleum fuel will be required by the hybrid for that part of its
annual use which is beyond its electric capability. In petroleum-fuel
operation, benefits relative to conventional cars for conservation and
the environment may be negligible. On the other hand, the electric car
may be no better even though it cannot directly consume petroleum fuel.
The reason is that in multi-car households, where electric cars are first
expected to appear, travel beyond the range of the electric car may be
simply added to the usage of a conventional car at the household. Thus
this travel beyond the range of the electric car could lead to petroleum
use as great as that of the range-extension hybrid. It might even be
greater, since the conventional car might be driven for an entire day
which exceeded the capability of the electric car, whereas the hybrid
car could accomplish a part of that day's travel on battery power.
At the other extreme, a household with an electric car might shift
local travel from other conventional vehicles at the household to the
electric car in order to minimize gasoline purchases. In this situation,
the benefits of the electric car for conservation and the environment
might be considerably greater. For lack of information about probable
behavior of households with such automobiles, it has been assumed in the
following that the electric car will be driven the same total distance
as the hybrid in average use, i.e., that it does capture a substantial
portion of local travel which otherwise would have been made in conventional cars.
The overall energy uses of electric and hybrid cars are compared in
Table 3. The hybrid cars have useful electric ranges of 100 kilometers
(to 80 percent battery discharge), the minimum range possible without
reducing battery power to a level insufficient for safe access to freeways. The electric cars have maximum ranges of 160 kilometers (100 miles),
and acceleration capability equal to that of the hybrids (0-64 km/h or
0-40 mph in ten seconds on level ground). The fuel use of the conventional car included for comparison is equivalent to about 33 mpg in urban
driving. For useful comparisons, Table 3 converts the basic fuel requirements of the vehicles into energy requirements assuming that either oil or
coal is used to make both electricity and gasoline. Where oil is the
primary source of both electricity and gasoline, the requirements per kilometer of travel are all similar; in this case, the electric and hybrid
cars would be no more than competitive with the conventional car. If coal
were to be the primary energy resource, however, both the electric and
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TABLE 3
OVERALL ENERGY USE OF CONVENTIONAL, HYBRID, AND
ELECTRIC SUBCOMPACT CARS

Basic Fuel

Use

Electricity
MJ/km

Gasoline
ml/km

-

Lead-acid
Nickel-zinc

Energy Required From a
Single Primary Source, MJ/km
Oil"

Coal

71

2.78

4.49

0..80

75

2.88"

3.O82

0,.78

70

2.78-

2.973

Lead-acid

0..83

-

2.97

2.76

Nickel-zinc

0..85

_

3.03

2.83

Conventional

Hybrid

i

Electric

Assumes oil is converted to gasoline with 89 percent efficiency, and
to electricity with 28 percent efficiency (Reference 9 ) .
2
Assumes coal is converted to gasoline with 55 percent efficiency, and
to electricity with 30 percent efficiency (Reference 9 ) .
3
Assumes 20 percent of driving is fueled with gasoline.

Source:

Reference 2.
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hybrid cars would be much preferable to the conventional car. Production
of gasoline from coal is relatively inefficient, whereas production of
electricity from coal is typically more efficient than production of
electricity from petroleum at the present time. For a given amount of
automotive travel, the electric cars would require that much less coal
be mined, with very important advantages not only for resource conservation, but for limiting the many adverse effects of large-scale coal mining,
liquefaction, and refining. The hybrid is nearly as appealing as the
electric car, requiring only 5-11 percent more coal as compared with some
60 percent more for the conventional car operated on synthetic gasoline.
In practice, of course, electric and hybrid cars would both be
fueled partly from petroleum and partly from coal, since both fuels are
widely used by electric utilities now and planned for the future. Figure 4
illustrates the petroleum use for hybrid cars both to produce recharge
electricity and to produce gasoline. Also shown in the figure is the
petroleum use for internal combustion cars and for all cars, as the percentage of travel by hybrid cars is increased. The figure is based on
fuel economy projections and utility projections for the year 2000, and
the hybrid cars are assumed to be distributed uniformly throughout the
United States. Under these conditions the amount of petroleum used for
the hybrid to make electricity would be somewhat less than that used to
make gasoline, even though 80 percent of hybrid travel would be on electric drive and only 20 percent on the internal combustion engine. Petroleum requirements to make electricity for pure electric cars would be
approximately 25 percent above the requirement to make electricity for
hybrid cars. Evidently, the petroleum savings for the hybrid cars at any
given level of use would be almost as large as for the electric cars.
It is worth noting that if either the electric or hybrid cars were
first distributed to those areas of the US using least petroleum for electric power generation, rather than being distributed uniformly, over half
of US auto travel in 2000 could be electrified with virtually no use of
petroleum for electric power generation.
In urban driving, where air pollution problems are critical, the
electric operation of hybrid cars is unaccompanied by direct emissions of
pollutants. There would be additional pollutant emissions at night, however, due to additional operation of fossil-fueled power plants for generating recharge power. The effect of 100 percent use of hybrid cars is
displayed in Table A, where emissions levels in future years are shown
as percentages of levels expected in the absence of electric or conventional cars. Two cases are treated. In the first, emissions from stationary sources are assumed to be reduced only in accord with regulations
already promulgated at the time of analysis (1978), with the result that
automotive pollutant emissions are a relatively modest part of total
emissions. In the second case, stationary sources are assumed to be
sufficiently controlled so that total emissions lead to compliance with
national ambient air quality standards (this de-emphasizes the importance
of stationary sources and increases the relative effects of feiectrification).
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TABLE 4
EFFECT OF RANGE-EXTENSION HYBRID CARS
ON URBAN AIR POLLUTION

Air Pollution with 100% Use of
Hybrid Cars, percent of Baseline
Case 1 (Existing Regulacions)

1980

1990

2000

Particuiates

99.0

98.9

98.5

Sulfur Dioxide

105.8

105.2

103.3

Nitrogen Oxides

83.1

88.8

88.5

Oxidants

76.8

87.3

88.1

Carbou Monoxide

51.1

65.9

65.6

98.7

98.3

97 .5

105.8

105.2

103 .3

Nitrogen Oxides

83.1

88.8

38 .5

Oxidants

35.0

66.8

65.0

59.1

59 .3

Case 2 (Compliance with Air
Quality Standards)
Particulars
Sulfur Dioxide

Carbon Monoxide

Source:

Reference 2.
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In both cases, the relative pollution levels are population-weighted
averages for the 24 largest urban areas in the United States. Ten percent of hybrid driving in urban areas was assumed to require use of the
internal combustion engine, with pollution per mile equal to that of
conventional cars. Conventional car emissions were assumed to comply
with adopted emissions standards of the EPA.
The benefits of hybrid cars appear primarily as reductions in
emissions of oxidants and carbon monoxide, which are the principal
pollutants contributed by automobiles in urban areas. Extra operation
of power plants to recharge the hybrids, however, would increase emissions
of sulfur dioxide modestly.
Since pure electric cars would emit no pollutants themselves, they
would increase the changes from 100 percent in Table 4 for oxidants and
carbon monoxide by roughly ten percent. They would also magnify the
increases over 100 percent in sulfur dioxide emissions by a similar figure.
Here again, the hybrid cars provide benefits almost as large as the electric cars.
Traffic noise, the principal noise problem in the United States,
is being attacked through emissions limitations which have been promulgated for trucks, buses, and motorcycles. It ib probable that conventional
automobiles will also be substantially quioted. Nevertheless, engine
noises will remain significant contributors to traffic noise for conventional automobiles.
Figure 5 shows how urban traffic noise would be reduced by the introduction of hybrid and electric cars. It is assumed that although the
conventional cars displaced by these vehicles would be relatively quiet,
the electric and hybrid cars would be about 3 dB quieter in average urban
use. This places them at the limit essentially set by tire noise alone.
Their use would produce relatively modest benefits, though still desirable.
Overall, it appears the benefits of the range-extension hybrid for
conservation and the environment would be nearly as large as those for
purely electric cars. Their desirability for motorists and their probable
market penetration are much higher, however, suggesting that in practice,
the hybrid configuration may be the key to beneficial electrification of
personal auto travel.
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rORSWORD

The University's plan to expand Its central
coal fired steam production included a Department of
Energy/University sponsored plan called a Grid Connected Integrated Community Energy System (ICES).
The plan involved the purchase, reactivation and retrofit of a retired natural gas fired utility peaking
electric generating plant back to coal, addition of
cogeneration, ssles of electricity to the utility,
and addition of steam customers.
Of local, regional and national significance is
that a retired plant to be fired on coal, and located
in the heart of a residential-light industrial community within one mile of downtown Minneapolis, Minnesota (population 425,000) could be designed and permitted to comply with local, state and federal environmental control regulations.
The methodology of regulatory, community,
manufacturer, and process design will allow the
plant upon start-up In late 1 M 1 or early 1982 Co
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compl^ with federal New Source Performance Standards
(NSPS>. This paper addresses environmental methodology and design of coal purchases, coal storage, coal
handling, ash handling, sulfur dioxide removal,
particulate removal, landfilling of waste, add on of
customers, cogeneration, and regulatory and community
involvement >
The purpose of this program is to demonstrate
the environmental and economic advantages of combining thermal and electric production capability and
end-use thermal systems wherein the electric production system operates according to the thermal demand
o£ the community heating and cooling end-use systems
vith the electrical power generated during thermal
production considered a by-product of the system.
The thermal production, thermal usage and cogenerated
electricity fed to the utility operate as an integrated system at reduced environmental impact levels
and increased cost effectiveness compared to straight
steam production.
The fuel inputs for the thermal generating
system will be low BTU, low sulfur Montana coal. The
major generating system outputs will be thermal energy in the form of high pressure and low pressure
steam, and by-product electric power delivered into
the local electric utility grid system. Engineering
studies indicate that fuel utilization of the .system
is 462 less during the production of a unit o£ electricity (kilowatt-hour) when compared to a large
electric utility generating condensing power.

low BTU, low sulfur Western coal during the fall of
1978. Eastern coal or oil is burned during the high
thermal winter periods until an adjacent retired
Northern States Power Company electric generating
plant, Southeast Steam Plant, can be brought on line
in late 1981 or 1982. Southeast Steam Plant output
is needed because the existing plant boiler outputs
must be de-rated by about 20% for Western coal's lower BTU content. The final step of routine expansion
to 100% Western coal is planned to be completed in
late 1981 through retrofit of one boiler at the Southeast Steam Plant from natural gas back to Western
coal for topping the existing plant, steam output
during winter months.
Basic Plan - Coaeneration
The University of Minnesota's Minneapolis Campuses (East and West Bank) and Hospital is the enduse community of steam produced by coal for heating
and steam absorption cooling. The purchase, rehabilitation and retrofitting back to coal of a retired
gas-oil fired electric utility generating station as
a 12,750 KW noncondensing utility yrrid-connected
electrical cogenerating source and base loaded steam
generating source, allows the existing central plant
(steam only) to be used for topping load requirements
above the base load plant. Northern States Power
Company is the grid connected utility for cogeneratet?
electricity wherein the University will own and operate all central heat and electric production and distribution and the utility would own a portion of the
grid connection.

The demonstration Grid-Connected Integrated
Community Energy System hereinafter referred to as
"ICES" consists of expansion of the University's
central steam plants, conversion of the central
plants from gas-oil tc Western coal, and I n d u s inn
of a Basic Plan for cogeneration of by-product electricity and to add-on customers for steam sales.
The program is being sponsored by the University of Minnesota and the U. S. Department of
Energy*
2.0 GRID ICES - PLAN REVIEW
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Integrated Coowunity Energy System
The Grid-Connected Integrated Communitv Rnergy
System (ICES) was originally divided into iour identifiable programs in order to study the economic and
environmental feasibility of each of the parts of the
ICES independently with integration of the parts as
they became cost effective. The ICES program is an
add-on to the University's steam plant expansion
that involves the add-ons of cogeneration fuel conversion, fuel substitution, energy conservation, and
environmental improvements by changes to central
plant and end-use operational modes with design parameters to include the latest technology for meeting
stringent federal and state environmental standards.
University'! Routine Plant Expansion Without ICES
The University of Minnesota has been following
an orderly process «. t converting its existing heating
plant, the University Heating Plant, from gas-oil to
100% coal since 1973. The first step from gas-oil in
the transition is complete. The University of Minnesota is presently 1002 on Eastern high BTU, high sulfur coal, and began the second step, the burning of

Figure 1
The Basic Plan of ICES involves the add-on
work of retrofitting a second boiler (normal expansion vas one) back Co Western coal at the Southeast
Steam Plant and adding non-condensing electric generating capability. This will permit the simultaneous
generation of electricity and heat dependent upon the
thermal loading of the heating and cooling system sink
in University buildings. The amount of electric generation will then be dependent upon the demand fluctuations of the heat sink of the community. The node
of operation between the two plants is switched for
ICES in that the Southeast Steam Plant will be base
loaded rather than topping and the existing steam
plant will be used for topping. This type of cogeneration has fuel utilization that is 54% more
efficient than the normal fossil fuel fired utility
company condensing generating plants. The fuel requirements for ICES is in the area of A,600 BTU/KWh
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as compared to utility generating requirements of
10,000 BTU/KWh.

HEAT BALANCE QUANTITIES

Option I - Add-On Customers
The extension of the steam distribution system
of the University to connect St. Mary's and Fairviev
Hospitals, and Augsburg College to the University's
coal fired steam production will allow retirement of
gas-oil fired steam generation of the add-on customers and stablize their costs for end-use energy for
heating and cooling their facilities. This will not
only substitute approximately 2.9 million gallons of
oil per year with 24,00C tons of Western coal and increase the electric production, but will be a significant future cost savings for the add-on customers as costs for gas and oil continue to rise at a
"ister rate than coal and industrial purchases of gas
and heating oil become unavailable.
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Environmental Impacts
There are several primary reasons that this project is noteworthy from an environmental standpoint.
A definite procedural mechanism had to be established early in the conceptual design phase (September,
1977) to answer the questions around minimization
of air> water, and waste adverse impacts of a coal
fired large industrial steam electric plant- Many
of the •ederal and state standards relating to environmental regulations were being formulated and
adapted during the design process. As this is being
written, there are state reguldilons being implemented in June, 1980 that had to be considered.
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The add-on of these customers allowed for considerable offsets in air quality because these plants
would be decommissioned.
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REGULATORY IMPACT

The State of Minnesota has had in place a
mechanism for review of projects that have the potential for significant impact upon the environment since
1973.
The process under the control of the Environmental Quality Board (EQB) provides a forum for state
agencies to resolve physical and natural problems of
various public and private projects. It is made up
of heads of the State Departments' of Agriculture,
Energy, Health, Transportation, Natural Resources,
Planning and Pollution Control. A member of the
governor's office and four citizens also sit on the
board. In addition to administering the environmental
review process, the board administers the critical
dteas and power plant sitting programs.
In the case of the ICES, the University was
required to formally have the project reviewed by
preparation of an Environmental Assessment Worksheet
and a Preliminary Environmental Assessment. On the
basis of those documents, the board ruled that an
Environmental Impact Statement (EIS) was not necessary. This ruling allowed the University to interact
singly with the various state agencies to obtain an
installation and operating permit for the Southeast
Steam Plant.
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The Southeast Steam Plant is sited on the
Mississippi River in Minneapolis, Minnesota in a
residential-commercial-industrial area on the outskirts of the downtown business district. Legislation
enacted in 1978 designated that portion of the
Mississippi River in addition to others a critical
area and therefore subjected the ICES to the critical
area environmental review process managed by the
State Planning Department and the Metropolitan Council
for the EQB. Significant to the legislation was that
no new structure could be built within 40 feet of the
Mississippi River bluffline. Prior to the legislation, the EQB approved a University plan to interconnect the Southeast Steam Plant and the University
Heating plant with an above ground multipurpose enclosure for steam lines and a coal conveyor. Because of the 40 ft. ^luffline restriction and aesthetics, that Interconnecticr. became a more costly
tunnel with attendant below gi iund pollution control
problems*

•95,000 LB/Mft
PROTECTED PEAK COWMUMtrr LOAD
exrtcTCt mtm • so*,ooo TO SM.OOO LS/HA

Figure 2

A part of the critical area planning process
required regulatory approval at the city level with
ad-hoc community approval. The Metropolitan Council
designated the Riverfront Development Coordination
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Board to coordinate planning in this area of the
river. One of the significant outcomes was to have
the vicinity of the Southeast Steam plant designated
a "power" production area, both steam and hydro.
The critical area legislation also required
planning approval from the local community which was
received from the Southeast Minneapolis Planning and
Coordinating Committee, a group of elected representatives of various neighborhood groups in the University area.
During the above process, the University had to
address the federal Clean Air and Clean Water Acts
at both the state pollution control level (MPCA) and
the federal pollution control level (EPA). Through
a series of: negotiations and filing of projected impacts of air quality, the federal EPA designated the
Southeast Steam Plant subject to New Source Performance Review for coal fired plants and designated the
plant a new source since it had been decommissioned
by the utility on gas firing in 1974 and had been used
as a gas fired facility since 1959. It also exceeded
a firing input of 250 million BTU per hour on coal.
The federal EPA ruling required the University
and the Minnesota Pollution Control Agency to consider federal clean air regulations in areas of New
Source Performance Standards, Lowest Achievable
Emission Rate t Best Available Control Technology and
Prevention of Significant Deterioriation in the designated attainment area of downtown Minneapolis.
The Minnesota Pollution Control Agency besides having
enforcement and compliance authority for federal EPA
rulings had regulations relating to fugitive emissions, ash and coal transportation, coal storage and
handling and landfilllng that had to be complied with
in the plant design for operation.
A considerable problem in the design process
was control of sulfur dioxide emissions to large
utility regulated levels. Achieving these compliance
levels is considered significant to the University's
having an Installation permit issued for the Southeast Steam Plant in March, 1980.
4-0

OPERATIONS PARAMETERS

The University in 1973 decided to switch from
natural gas firing with oil backup to coal because
of the foreseeable rapid cost escalation, shortages
and curtailments on the aforementioned fuels. Prior
to this time we had burned some coal and had the
capability of burning all three fuels in the University Heating Plant boilers. Tn 1975, federal standards did require the University to install bnghouses
for particulate control down to .1 pounds per million
BTU.
The University desired to stabilize its fuel
costs and minimize air qua!ity impacts, not on high
sulfur, higher cost Eastern coal, but on low sulfur
Western Coal from Montana. For many years the University has had coal transhipped to its river barge
unloading facility at the existing heating plant.
Besides the seasonal problems and costs associated
with barge deliveries, costly environmental and unloading improvements were needed at the docks.
The University knew that rail shipments from
the Montana coal fields were desirable in terms of
costs and handling at the plant. Working with the

Burlington-Northern Railroad and Northern States Power
Company an arrangement was made whereby the existing
trains of 70 cars—100 tons each would be increased
to unit train sizes of 105 cars—100 ton each, and
split between the utility and the University. The
utility would take 70 cars and the University 35 cars
on a 24 hour turn—around basis.
While the substitution of low sulfur Western
Coal for high sulfur Eastern coal lowered fuel costs
and improved air quality by about 30^, the KPA designation of the Southeast Steam Plant still required
the addition of sulfur dioxide and particulate removal equipment.
Attentive to the change from barged coal to
railed coal considerable effort had to be put in design to allow operation of a rail car bottom dumping
facility and the attentive dust emissions from the
unloading house, interplant conveyors, and the pile
conveyors. Water, runoff and fugitive dust from the
coal piles, and noise from car shaking needed considerable addressing.
The St. Paul Campus plant obtains trucked coal
from the Minneapolis plant and a clean method of truck
loading and transportation routing had to be addressed. Trucking, handling and landfill problems also
had to be addressed for bottom ush and the flyash
mixture of particulate and calcium carbonate.
These aforementioned problems of environmental
control will be discussed more fully in the appropriate sections of this presentation.
5.0

REGULATORY EFFECTS UPON DESIGN AND OPERATIONS

When the University originally conceptualized
the Southeast Steam Plant (1974) the only requirement
for compliance was particulate cleanup. Since that
time both state and federal regulations and rulings
have necessitated addressing a myriad of problems not
only from an available equipment and cost standpoint
but from our ability to operate and maintain the
newer systems. As it is now envisioned a significant
amount of factory training for plant operators will
be needed for the flue gas cleanup systems and the
turbine generator. Carborundum Company is furnishing
the flue gas cleanup systems and Turbodyne is furnishing the turbine generator.
5.1

SULFUR DIOXIDE AND PARTICIPATE CONTROL

As previously discussed the Southeast Steam
Plant was required to meet New Source Performance
Standards (NSPS) and the attentive regulations surrounding NSPS of the Lowest Achievable Emission Rate
(LAF-R) with the Best Available Control Technology
(BACT), and offset and Prevention of Significant
Deterioration (PSD) in the air quality attainment area
of the downtown business district of Minneapolis
which included the University's two plants.
The existing University Heating Plant had baghouses installed for particulate removal and could
meet .03 pounds per million BTU. No further corrective action was required by the regulatory agencies.
The site at the Southeast Steam Plant is very
limited In size with the majority of space being
taken up by coal bunkers, coal silos, ash silos and
the required particulate control baghouses. The
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possibility of developing a wet process flue gaa de•ulfurliation (FGD) system and the neceiaity, then,
for a aludge nettling pond waa nearly out of the
question. It could have been accomplished using settling tanks or decreasing the amount of coal storage,
but because of the site location and the neceasity of
overcoming further critical area requirements, the
University decided to look at dry process FGD systems
using lime or limestone and having a dry offproduct
suitable for landfill.
Unfortunately the dry process FGD systems had
not really gotten out of the pilot stsge of 10,000
to 20,000 ACFH capacity. We required up to 250,000
ACFM capacity on a two boiler basis or about 130,000
A C M on a single boiler basis.
Through a 3- to 4-month Investigative process
and with due consideration for the risk to the University in electing to purchase $4,000,000 of emerging' art equipment, the decision was made to install
a dry process FGD system utilizing lime (CaO) for
sulfur dioxide removal. The FGD system was integrated with a baghouae to provide additional unknown
recombination of the unreacted lime with sulfur
dioxide in the bsgs and particulate control.
We are confident the Carborundum Company process does work. The real unknown In our minds about
the process Is lime utilization and operating cost
required to achieve 70X sulfur removal efficiency
required by the clean air regulations. Another unknown is the aanner in which the lime utilization
aystem will react to the monitoring and control
system of the FGD process.
The following pages provide an overview of the
aystem and a summary of the clean air act as it
applies to the university.
Another problem, although not regulated, ithat with NO levels. We feel that the spreader
stoker configuration of Boiler #4 at the Southeast
Steam Plant would comply. If the pulverizer of
Boiler #3 was merely being retrofitted to burn
Western cosl, HO emissions would be a problem. However we will be making burner modifications so that
this design can consider achieving NO standards
of 7031 efficiency or .6 pounds per million BTU.
At any rate the boiler industry for older
boilers are unsure of control technology on NO
emissions. We know that boiler manufacturers nave
some experience, but are now just beginning extensive
experimentation and testing in the NO area. As of
November, 1979, considerable experimentation and
testing wss being conducted by the federal DOE's
Division of Fossil Fuel Utilization and the U.S.
Environmental Protection Agency's Office of Research
and Development. The American Boiler Manufacturers
Association was in an emission testing program for
NO on Industrial coal fired boilers.
Our feeling at this time is that there is no
documented, d e a r solution to NO control of the
older coal fired boilers that cat! support preparation
of attainable national emission standards on N0 x >
However, we are far enough detaciwd from the testing
effort that this conclusion could be wrong since what
we know la mostly perceived through various
magazines and hearsay.
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5.2

TURBINE-GENERATION

Although the coal input to the plant had to be
increased approximately 12,000 tons annually to cover
power production for electric generation and resulted in over 26,000 tons of coal not burned by the
utility in producing the equivalent electricity of
44,775,000 kilowatt-hours per year, Chere is no where
in the environmental regulations that the University
could take credit for the resultant improvement in
air quality without, we felt, considerable guarantees
and reporting from the utility.
We feel the concept of this credit should be
written into EPA's regulations without attentive
reporting requirements other than proof of power
delivered to a utilities grid and the resulting coal
saved based upon difference in the utilities system
average heat rate and the cogeneration plant heat
rate.

split—70 cars to Northern States Power) to Northern
States Power Twin City usage and Burlington unit train
requirements of 105 cars. A method was also developed between Northern States Power and the University
of Minnesota to exchange the coal transportation
tariff of the University's share of the train for
electric generation credit further offsetting tax
problems. We are still desirous of purchasing all
University coal directly from Northern States Power
because of the leverage it offers. However, we have
convinced one Western coal supplier on tin* BurlingtonNorthern route to allow the University to make mine
mouth purchases, a significant factor in obtaining
coal at $20.78 per ton of which $11,00 represents
transport tariff. This portion of the Burlington* Tthern route has not experienced, nor do we expect
to, get into the type of tariff increases depicted
ror the Houston-San Antonio area of the country. We
expect our tariff to escalate reasonably at a ten
percent annual rate.

Besides the air quality Impact of burning additional fuel for generation the cooling associated
with the turbine had to be considered. The University does not operate a central chilled water system
so that a combined approach to using a cooling tower
as part of a condenser cycle was not viable. Utilizing Mississippi River water for condenser conling
would bring on exorbitant capital and operating costs
for cooling towers besides the effect of having to
further ameliorate community and regulatory groups
concerned with the river water quality. Complying
with state and federal clean water provisions would
have been extensive and costly.

The coal unloading facility had to be permitted
by the Minnesota Pollution Control Agency, and In
fact our design was used for nodel regulations on
state coal handling. The Pollution ConLrol Agency r s
interest, of course, was in direct and fugitive dust
and water runoff containing coal. The system uses
dust collection systems on the whole facility, and
water strainer systems for water runoff. The pile
conveyor has a moveable spout for positioning the
coal injection onto the pile and eliminating fugitive
dust. The remaining pile dust, although not a noticeable problem, can be contained by water or chemical
spray if necessary.

The result of the investigation was to optimize the plant based on a non-condensing turbine
cycle and eliminate the aforementioned problems since
our process was heating and cooling oriented rather
than electric generation oriented.

The Metropolitan Council and the Riverfront
Development and Coordinating Board has regulatory
powers because of the critical area designation. An
architect was specifically hired to overcome visual
barriers and provide river site integration of the
scheme.

5.3

UNIT TRAIN UNLOADING

The development steps necessary to design, construct and permit a unit train unloading facility
involved many factors. It was necessary to coordinate the planning and operation with five (5) divisions of the Burlington-Northern, three (3) divisions
of Northern States Power Company, the engineer
Helmick & Lutz, a local supplier of switch engines,
the Minnesota Pollution Control Agency» the Metropolitan Council, the State Department of Transportation, the City of Minneapolis, University Engineering and Construction, University Attorney, University Planning Department, the Riverfront Development
Coordination Board, the Southeast Minneapolis
Planning and Coordinating Committee and an architect
for the design of the exrerior envelope of the coal
unloading building.
Since the Burlington-Northern owned some of the
property we desired to place trackage on and operate
over, and the ne%* trackage was next to their main
line, we had to work out purchase, lease, and operating agreements with them that would allow a turn
around of thirty-five 100 ton cars in any dally
period of delivery, 24 hour periods seven days per
week. Not only were rail-to-rail operating clearances a problem, but the whole facility had to meet
Railroad and Warehouse Commission Construction
regulations. Northern States Power Company's fuel
procurement division and legal division were involved in matching up the train size (105 cars to be

The Southeast Planning & Coordinating Committee,
a nonregulatory ad hoc committee of area neighborhoods, had to provide their approval as required by
the critical area regulations. It requires a formal
community approval.
The Minneapolis City Council had tc grant a
construction permit. This is routine but needed
approval from the Ward Councilmember, who is also
a member of the two aforementioned organizations.
During construction, which is scheduled for
completion March 1, 1980, very Eev problems were
encountered. We are now waiting for the BurlingtonNorthern to place a section switch and signals prior
to start-up and test during April 1980.

5.4

INTERCONNECTING TUNNEL SYSTEM - SOUTHEAST STEAM
PLANT TO UNIVERSITY OF MINNESOTA HEATING PLANT

Basically the same interaction took place on
design and construction of the tunnel that occurred
on the coal unloading facility except the regulatory
impacts were more costly.
To begin with, the University proposed an overhead system for piping and coal conveying from the
University Heating Plant and the coal unloading
facility to the Southeast Steam Plant and coal bunkers. With the critical area legislation and the
impact the overhead system would have on the river
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bluff, we were required to propose a combination
underground-overhead system that ended up with 2400
feet of 14 ft. by 14 ft. tunnel, portions of which
were under University property, state property, city
property and the main east-west passenger and freight
lines of the Burlington-Northern railway.
The state and city posed little problem except
for easement/permit applications. However, the
University was required to commission a special tunnel consultant as well as pay for the BurlingtonNorthern's special tunnel consultant for the portions
under their mainlines. As it turned out this was a
satisfactory arrangement and allowed design and
negotiation for property leasing, dynamite blasting
and inspection to proceed rather smoothly since it
was the University's desire to fast track this project as rapidly as possible. The Burlington-Northern
was most cooperative with our requests even to the
extent of upsetting some of their time frames.
This project is now under construction and is
scheduled for completion during October, 1980.
The tunnel will have an extensive system of
coal dust evacuation, especially at conveyor system
Interfaces.

5.5

COAL STORAGE, ASH REMOVAL. TRUCKING. LANDFILL
COMPLIANCE

In 1979, the Minnesota Pollution Control Agency
enacted specific regulation that impacted design and
operation of coal storage, ash removal and landfilling. These regulation indirectly impacted truckIng of coal between the Minneapolis Plants and the
St. Paul Plants and the trucking and landfilling of
bottom ash, flyash, and boiler blowdown materials.
Coal is moved to storage at the plant sites by
conveyors or trucks. The coal piles are worked and
compacted by bulldozers and front end loaders to
minimise coal pile fires. However, the activity
surrounding deposition of coal onto the piles, coal
movement at the pile, and moving coal from silos into trucks created the possibility of creating fugitive
coal dust subject to blowing, being picked up and
carried by truck tire treads onto public thoroughfares or being washed out onto roadways or the river
and sewage systems.
To minimize the danger of coal pile fires and
th<; amount of movement of compaction equipment all
coal is drawn from the bottom of the bunker piles
by screw conveyors.
Water runoff is contained within the bunkers by
concrete walls and floors fitted with drains that
filter out the coal deposition.
The snouts from the conveyors that deposit coal
onto the top of the piles are moveable to within 12"
of the pile and are connected to the dust evacuation
system. Being adjustable coal does not have to be
dumped from heights that cause a significant amount
of fugitive dust.
Coal and ashes that are conveyed by belts to
the coal and ash silos for St. Paul Campus and landfill respectively are sprayed with water prior to
being dumped into the trucks. The roadways into and
out of the plant are routinely brushed to pick up
coal and ash residues.

The coal bunkers are capable of being sprayed
with water or chemicals on windy days or whenever
blowing dust becomes visually apparent.
Perhaps the biggest problem the Grid ICES faces
is in landfilling the offproduct from the flue gas
cleanup system. Beginning on June 1, 1980 the MPCA
will be enacting self-disclosure solid waste regulations wherein the operating entity must be prepared
to identify its offproducts going to munlciple landfills as hazardous or nonhazardous. It is fully
self-disclosure on the part of the industrial facility. Tests conducted by an independent laboratory for
the University on the flue gas offproduct of pilot
plants using lime slurry and Eastern hit*'! sulfur coal
have indicated that the product exceeds the nonhazardous classification In arsenic by a small amount.
There is a possibility that controls will have to be
developed in order to deposit *these materials in
landfills. Codlsposal may not be allowable. It
should be noted however that the characteristics of
Western coal, and the test conducted on one 5000 gram
sample is inconclusive. Coal characteristics vary
considerably from sample to sample and it is the
average characteristics that wi**.l be used in classifying bottom ash and flue gas cl.:an-up system off
products.
Another alternative is to develop a manufacturing outlet for the flue gas product. This product is
very high in calcium sulfite, the material used to
make dry wall plaster products. The local utility is
investigating this possibility but no conclusion has
been reached thusfar.
Transportation of the flue gas offproduct to
landfill is a definite problem since it is a talcumlike powder substance. One alternative is to wet
it down at the plant and let the upper layer in the
truck harden to reduce bloving. Another alternative
is to transport it in covered trucks and wet it
completely at the landfill and let It harden. We
have not completely defined the solution to this problem since a portion of operating dollars must be
considered and we have not had any operating experience with the dry off-product.

5.6

NOISE IMPACTS

The impact of noise during operation inside and
outside of the plant was of considerable importance
in its design, but in particular the railcar coal
unloading facility received special attention. The
unloading facility by nature is noisy because of the
conveyor systems, railcar bumping and railcar unloading. However, because of climatic conditions,
coal arriving at the site can be net and/or frozen
and cause considerable operating problems in unloading especially on a turn-around basis of 24 hours
for 35 cars being bottom dumped. Noise attenuation
had to be considered further because the unloading
house, although within the confines of University
property and buffered to the surrounding dormatories
and residential-commercial-academic areas' by concrete
walls along the opposite side of the railroad tracks
across from the house, and the plant as a buffer on
the river Bide, would still be a problem.
University personnel traveled extensively
throughout the northern Midwest and Northeastern
belts of the United.States investigating coal unloading operations of industrial, utility, and

673

retailers. The best solution encountered was unloading systems that turned the cars over. However, the
costs were too prohibitive for the relatively small
tonnage (200,000 tons annually) we were working with.

(b)

The annual sulfur dioxide ground-level concentration Is highest in the vicinity of Augsburg
College, as a result of relatively short stacks
of their heating plant.

We looked at motor driven eccentric car shakers
tbat resteJ on the top side rails of a car and shook
the*n. But these didn't work If the coal was frozen.
They were extremely noisy and would have necessitated
costly noise abatement materials within the unloading
structure- When coal is frozen the bottom gates
either have to be poked open with steel pokers by
hand from the bottom after having gone through an oil
heat or infrared heat bath.

(c)

The air quality will be significantly improved
after the ICES is completed. The short-term
ground-level concentrations of sulfur dioxide
should be reduced by at least 25 percent compared to the existing conditions. The most
drastic improvement is predicted by the CDM
showing reduction of the maximum annual average
sutfur dioxide concentration down to leas than
2 ug/m 3

The UniversityTs solution, although untried,
wtll be to position hydraulically operated spades on
posts at both ends of the railcar being dumped. Phese
spades will break up frozen coal down to the area
of the gates, a key to bottom dumping. They will
further assist as the car is being dumped.

(d)

The project will result in reduction of the
total sulfur dioxide emissions from all emission sources from the existing maximum value
of 175 grams per second down to 110 grams per
second after project completion.

(e)

The project will definitely have a positive impact on the air quality in the area influenced
by the project .

7.0

REGULATORY-COMMUNITY INVOLVEMENT

Irregardless of arrival conditions of coal, a
considerable amount of coal remains after getting the
cat to bottom dump that requires shoveling out by
hand or by the spades, a cumbersome and slow process,
The solution to this was a car shaker of a different
type and up to 50^ less noisy. It is a clam shell
type that grips the side of the cnr, picks up the
tension in the car springs and vibrates it. This
process of shaking vastly decreased the noise attendant to top shaking in tests witnessed by the University. Another advantage is that the shaker is
manufactured in Dulutfi, Minnesota.
The coal unloading house is also designed to
allow future additions of noise bairiers if it beromes a problem. The house has doot enclosures and
-j i rick exturior to further reduce the noise.
Because of the uncertainties around coal unloading and tho variations in climatic conditions,
another system was envisioned for future use if required. The coal unloading house is situated so that
2000 kilowatts of infrared heating can be applied tu
the rail cars as they go through the unloading
operation*

As part of the installation and operating permit requirements from the MPCA and the federal-EPA
clean air regulations, the University was required
Co submit an air quality impact assessment based upon
computer modelling of the impact of fhe ICES project
in the PSD attainment area of downtown Minneapolis.
Tlif? Impact this study had in allowing the Grid
TCES to be permitted is significant.
The results of the study can be summarized as
follows:
<ci)

Short-term dispersion model of the baseline
existing sources of the University, St. Mary's
and Augsburg, resulted in no indication of any
violation of the sulfur dioxide air quality
standard, although, the 24-hour standard is
nearly reached in the vic>nlty of the existing
Heating Plant and primarily in the vicinity of
Augsburg College.

While the major impacts associated with permitting the ICES was associated with regulations that
were and remain to lesser degree now transient in
nature, the University knew that it had to develop an
understanding with the surrounding community and local
regulatory bodies to ensure a permit would be issued
for a new coal fired plant in a mixed residentialcommercial-industrial area.
Program management, at the onset of the concept
design, went to great- effort to identify potential
impacts and solutions. With the impact identification a parallel effort was developed to identify
community agencies and regulatory bodies, and through
an early process of report, submlttals, meetings and
negotiations with the various bodies final design Cor
ICES was arrived at.
During the 1960fs the University admittedly had
an autonomous, somewhat nonresponsive, nature In Its
community dealings. We feel the ICES programming and
the Involvement of the community and the regulatory
bodies actively in our design processes not only opened a new era of better feelings, but helped in arriving at a system that is an improvement on the community environment and remains energy and cost effective.
$.0

FUTURE MASTER PLAN

Because of the need to increase boiler capacity
at the St. Paul Campus Heating Plant and the impact
pf regulatory requirements of the Clean Air Act on
this action, the University is seriously considering
the installation of a 2.75 mile, 300°F hot water
transmission line installation between the central
plants on the Minneapolis Campus (ICES) to the
St. Paul Campus and conversion of the stream distribution to hot water on the St. Paul Campus.
Involved in the concept Is the installation of
staged, variable volume, variable flow hot water
heating at the University Heating Plant with inputs
for hot water heating from the turbine-generator's
steam extraction and exhaust points. This will allov
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the turbine generator to produce more electricity and revenue and further integrate
the central plant operations in the Twin
Cities that offer further environmental improvements especially in air.

A.I
GRID ICES

Another significant benefit will be the
conversion of another 1,000,000 square feet
of gas-oil fired heating to coal fueled hot
waier heating along the transmission route
from the Minneapolis Plant.

FUNDING SUMMARY
I

NORMAL EXPANSION
STATE LEGISLATIVE
DEPARTMENT OPERATING FUNDS
UNIVERSITY BANK LOAN

The University is actively working
with the City of St. Paul and the St. Paul
Port Authority on investigating the possibility of providing a hot water heaLing and
cooling source to the St. Paul Energy Park.

(15,442,1*0
$ 333,000
* 3,024,829

H BASIC PLAN -COGENERATION

The University has also responded to
a recent RFP from Battelle Laboratories Lo
study the feasibility of integrating an
Aquifer Thermal Energy Storage System (ATES)
into the aforementioned concepts with the
ATES mechanism becoming the linking concept.
The ATES will provide further environmental
and operational benefits.

DEPARTMENT OF ENERGY
UNIVERSITY BANK LOAN
II

* 1,660,207
$ 5,500,695

OPTION I - ADD ON CUSTOMERS
UNIVERSITY BANK LOAN
CUSTOMER FUNDS

* Z.709.C00
$ 240,252

ANNUAL COST FOR CAPITAL
I

NORMAL EXPANSION
LOAN' IS YEAR PERIOD AT 7 1/2 %
ANNUAL DEBT RECOVERY FACTOR > .1133
( # 3 , 0 2 4 , 8 2 5 X .1133)
£342,710

II BASIC PLAN
LOAN> IS YEAR PERIOD AT 7 1/2%
ANNUAL DEBT RECOVERY FACTOR ' .1133
(f5.SOO.M5X.1133)
m

#623,230

OPTION I - ADD ON CUSTOMERS
LOAN' 15 YEAR PERIOD AT 71/2%

Figure

ANNUAL DEBT RECOVERY FACTOR* .1133

13

(#2,705,600 X.IIS3I

A.2

#306,949

PROGRAM COSTS

The University has established a continuing funding mechanism with the state
legislature for the ICES. Besides legislative funds, the University will be borrowing
money from local banks to finance the Basic
Plan and Option I.
To date, funding is scheduled in the
following manner.
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Total Legislative Funding To Date
Before 1979
Baghouses, existing boilers..$ 2,600,000
Purchase Southeast Plant

500,000

Rail Coal Unloading

1,500.000
$ 4,600,000

1979
Tunnel to Southeast riant....5 3,241,263
Baghouses, Southeast Plant...
1,831,259
Engineering for further Southeast, No. 4 Boiler
627.478
$ 5,700,000
1980
Install baghouses, Southeast Plant

$

672,000

Piping, Southeast Steam
Plant

932,960

Southeast Steam In-Plant Coal
Handling

809,990

Southeast Steam In-Plant Ash
Handling
Piping in new Tunnel

463,680
1,190,560
S 4,169,190

Additional Beyond 1980
1981 Request increased from
$1,000,000 to $4,000,000
Piping and ductwork, Southeast Steam Plant, Electrical, controls, etc

? 4,000,000

Legislative Tot-.i

$18,36.9,190

Bunk Loans
Normal Expansion
Basic Plan
Option 1

$ 3,024,825
5,500,695
2,705.600
$11,231,120
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ENVIRONMENTAL ASSESSMENT
OF THE
DOE URBAN WASTE PROGRAM
Michael C. Malloy, Project Engineer
and
Peter 3. Alexandra, Member of the Technical Staff

The Aerospace Corporation
20030 Century Boulevard
German town, Maryland 20767

This paper addresses the probable environmental impacts that would
result from the implementation of the Department of Energy's Urban Waste
Technology Program. The program is designed to encourage the development
and commercial application of waste-to-energy systems for municipal solid
wastes and/or sewage sludge. Among the technologies included in this study
are shredding with resource recovery, refuse-derived fuel, combustion with
neat recovery, waterwall combustion, pyrolysis, anaerobic digestion,
enzymatic hydrolysis, and methane recovery from landfills. The air, water,
noise, odor, safety, health, ecological, and socioeconomic effects of these
technologies were investigated.
In most instances, existing control
technologies are adequate to keep impacts within acceptable environmental
standards.
Nationwide, the total impacts of the program are generally
favorable, with the possibility of site-specific problems due to local
environmental conditions.

\\
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INTRODUCTION
This paper analyzes the environmental impacts of
the Department of Energy's (DOE) Urban Waste Technology Program.
The program was authorized by
Congress as part of the Department of Energy Act of
1978 - Civilian Applications (Public Law 95-238). The
act amends the Federal Nonnuclear Energy Research and
Development Act (Public Law 93-577) by adding
Section 19, which establishes the authority of the
Secretary of Energy to implement a program to ensure
adequate Federal support to foster a demonstration
program to produce alternative fuels from coal, oil
shale, biomass, and other domestic resources (e.g.,
urban wastes) and to authorize assistance, through loan
guarantees, for construction and related costs of demonstration facilities. In addition, the act adds amendments
to ensure Federal support for a municipal waste reprocessing program and to gather information on the benefits
and impacts of such demonstration facilities.
The Urban Waste Technology Program is thus a
conservation effort aimed primarily at providing an
alternative energy source to help meet existing energy
demands. Scarce, nonrenewable energy supplies will be
conserved, less virgin materials will be used, and the
energy required to extract and process virgin materials
will be saved through resource recovery and conversion
of urban waste to energy.
In 1976, approximately 130 million metric tons
(143 million tons) of urban or municipal solid waste and
4.5 million metric tons (5.0 million tons) of sewage
sludge (dry solids) were generated in the United States,
according to Environmental Protection Agency (EPA)
estimates (1). From the 180 million metric tons (198
million tons) of urban wastes that are expected by 1985,

it is estimated that about 2.11 x 10'8 joules (2.0 quads)
are potentially available through combustion and that an
additional 1.06 x 10 1 8 joules (1.0 quad) can be recovered from the inorganic fraction by reducing the need
for virgin materials (2). Within the current limitations
of urban waste technology, about 65 percent oi this
potential energy, or 2.06 x 1 0 " joules (1.9? quads),
could be recovered <2). It is anticipated, however, that
only 0.37 x 1 0 " joules (0.35 quad) of energy and
energy-intensive materials would be recovered from
urban waste by 1985, with the total recovery reaching
2.11 x 10'S joules (2.0 quads) by the year 2000 (2).
Figures for 1977, the most currently available, show
that 7 percent of urban or municipal solid wastes were
recovered, with 6 percent occurring through source
separation and 1 percent being converted to energy (1).
Energy from urban wastes would therefore provide
a maximum contribution of only 3 percent of the total
U.S. energy needs through the year 2000 (3).
The
importance of the urban waste program, however, lies
in the fact that this 3 percent, although a small part of
the total energy requirements, would be captured from
waste products, saving a large portion of the cost and
energy now devoted to disposal processes. In addition,
the use of recovered materials would conserve our
natural resources and decrease the energy requirements
needed to process virgin materials.
PROGRAM DESCRIPTION
Various institutional barriers exist today that make
the risks for an urban waste project unreasonably high:
limited and fluctuating scrap markets, acceptability of
recylceci materials, competition from more expedient
waste disposal methods, and the difficulty of obtaining
regional cooperation for waste disposal. Currently, very
few of the urban waste technologies have been successfully demonstrate, let alone operated commercially.
Before these technologies can be further developed,
systems must reliably operate to their designed capacities over a continuous and extended time period, demonstrate safety for workers and the general public, and
meet environmental standards.
The DOE program is
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designed to help overcome these barriers so that urban
waste technologies can be more widely applied.
DOE's Assistant Secretary for Conservation and
Solar Energy has the responsibility for the development
and implementation of the program. The program has
been assigned to the Community Technology Systems
Branch of the Office of Buildings and Community
Systems within the Assistant Secretary's office.
Within the program there are various options available to promote research, development, and demonstration of urban waste systems. The program consists
of a mix of elements and technologies. The program
elements are the means by which the technologies are
developed and institutional barriers mitigated. They are
grouped into three categories: implementation assistance,
economic incentives, and financing assistance.
The
program technologies encompass all of the processes and
systems under conaioeration for converting urban or
municipal wastes to energy. They can also be grouped
into three broad categories: mechanical - separation
and size reduction; thermal - combustion and pyrolysis;
and biological - digestion and hydrolysis.
A different mix of program elements may be used
to promote each different program technology. A more
proven technology may require only financing assistance
for a commercial plant, whereas Jess-developed technologies may require implementation assistance and economic incentives for pilot and demonstration plants.
Program Elements
Implementation Assistance. This type of assistance
is limited to the preconstruction phase of the demonstration project. It is directed toward assisting public
and private groups in planning, organizing, and managing
their projects while they are still in the concept or
design stage. Three types of implementation assistance
may be offered: contracts, cooperative agreements, ind
training and technical assistance.
Economic Incentives. Economic incentives may be
provided to overcome market limitations for recovered
materials. Specifically, DOE would attempt to provide
a stable scrap market to ensure reliable revenue from
the sale of recovered materials.
Efforts would be
directed at making urban waste technologies more competitive with alternative disposal metV rfs. Economic
incentives might be provided through
of the following methods: price supports, energy
itions, or
tax policies.
Financing Assistance. Where institutional barriers
and marketing limitations have not been successfully
overcome and the financial risk of an urban waste
demonstration project is still too great to be assumed by
the owners, DOE can provide financing assistance
through a loan guarantee. Up to 75 percent of the face
value of the loan can be guaranteed in this manner.
This gives insurance to the lender and should provide a
lower interest rate to the project owners.
Program Technologies
Mechanical. Processing of the waste is required in
almost all urban waste technologies, except mass burning
and certain applications of pyrolysis and methane
recovery from landfills. The key step in this technology
is the separation of the waste into the combustible or
organic fraction and the inorganic fraction, to recover
fuel and sellable materials (e.g., steel, glass, aluminum). The separation step may constitute the entire
mechanical process in some systems, with the residue
being landfilled. In most cases, separation is preceded
by a sizing step (shredding), in which the wastes are

uniformly sized for easier separation. The separation is
sometimes followed by a densification step, in which the
separated materials are compressed into pellets, briquettes, or bales, especially when refuse-derived fuel
(RDF) is being produced. The primary byproducts from
this process are recoverable materials and RDF.
Thermal.
Combustion technology involves either
firing urban wastes alone or cofiring with oil and coal.
Steam is the primary energy recovery mode, and it can
be used directly or converted to electricity through the
use of a turbine.
Urban waste has a gross heating value of approximately 1.05 x 10'° joules/metric ton (9.0 x 10^
Btu/ton).
However, only 50 to 80 percent of this
energy is recoverable with existing thermal technologies.
Using an EPA estimate of 65 percent as an average
thermal recovery efficiency, 0.68 x 10 10 joules/metric
ton (5.94 x 10^ Btu/ton) would be available as heat
energy (*).
Therefore, given relative thermal efficiencies, 1 metric ton of urban waste is the energy
equivalent of 189 liters (50 gallons) of oil, 210 cubic
meters (7425 cubic feet) of natural gas, or 0.24 metric
ton (0.26 ton) of coal. Urban waste is considered a low
heating value fuel.
Direct combustion is predominantly accomplished
with urban wastes fired in a waterwall furnace. These
combustors have tubes filled will-, water lining the walls
of the combustion chamber to produce steam. Most U.S.
industrial boilers are waterwall combustors that use
coal, gas, or oil as fuel. The wastes entering the combustor can be in raw or processed form. Firing of raw
or unprocessed wastes is referred to as mass burning.
Cofiring refers to using urban wastes with another
fuel source to produce energy.
In most applications,
coal is the chosen fuel because its physical characteristics are most similar to urban waste. Oil has been used
as a cofiring fuel, but its use requires a much finer processing of the urban wastes to achieve compatible combustion performance.
In many incinerators, oil or
natural gas is used for flame stabilization, but this is
not a true cofiring situation. In cofiring, urban wastes
are generally the minor fuel (less than 50 percent by
weight). The advantages of cofiring are that it can be
accomplished in existing powerplants and boilers with
little modification and it may produce fewer air emissions for selected pollutants (e.g., sulfur oxides) than
the original fuel.
The disadvantages are the variable
quality, lower heating value, and poor storage characteristics of urban waste; greater ash production; and possibly higher trace metal emissions.
Pyrolysis, another form of thermal processing, is
the thermochemical decomposition of solid waste in an
oxygen-starved or oxygen-free atmosphere to produce
solids, liquids, or gas. Most pyrolysis systems supply
the heat required for the pyrolysis reaction by partial
combustion of the waste in the reaction chamber.
Biological.
Biological processes use bacteria and
fungi to break down the wastes into more usable
products (i.e., methane, alcohol, or soil conditioners).
The processes under consideration are anaerobic digestion, hydrolysis, composting, and methane from landfills.
Anaerobic digestion is used in many wastewater
treatment plants to treat sewage sludge prior to disposal.
It is a proven technology for sewage sludge
applications, and its potential is being investigated for
urban waste. Basically, the process employs organisms
in the absence of air to break down the waste and form
methane gas.
Hydrolysis is a process to facilitate the conversion
of cellulose, a major constituent of urban waste, to

i
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glucose, which would provide a source of energy, food,
and chemicals. Estimates are that, from 1 ton of waste
paper, a half ton of glucose can be fermented to yield
68 gallons of ethanol (5). The conversion process can
be achieved either by acid hydrolysis or by enzymatic
processes.
Composting involves shredding the wastes, removing
the inorganic fraction, and allowing the organic fraction
to decompose in the presence of air.
This process
provides a recovery of materials on the front end and a
volume reduction of the organic matter on the back end.
The compost product is useful as a soil conditioner with
limited fertilizing abilities.
The energy value of this
product is not known.
Methane recovery from landfills would provide an
energy source and would help to decrease the chance of
fire or explosion in existing landfills due tu the buildup
of methane gas. The quality of the methane gas varies
and may require scrubbing and upgrading to meet the
needs of a specific market.
Technology Status
Waterwall combustion, cofiring with RDF, methane
from landfills, and mechanical separation systems are
the most developed technologies ( 2 , 6).
Waterwall
combustors have been used for over 30 years in Europe
and have been successfully operated in this country in
the last several years.
Cofiring with RDF, methane
recovery from landfills, and mechanical separation are
technically ready for commercialization, but lack of
adequate markets for their products has been holding
back further development.
Pyrolysis and the bioconversion systems are less developed, and their technical
feasibility has not been sufficiently demonstrated.
It
may be another 5 to 10 years before these systems can
be proven to be commercially feasible.
Alternatives Considered
Two types of alternatives were considered in the
present study: no action and different levels of ROE
support far research, development, and demonstration.
The broader alternatives concerning the types of fuels to
address (i.e., coal, gas, oil) were evaluated in a previous DOE environmental impact statement on alternative fuels.
DESCRIPTION OF THE EXISTING ENVIRONMENT
Any description of the existing environment upon
which urban waste technologies would impose impacts
requires an accounting of nationwide patterns or trends
of environmental quality. Air, water, solid waste, flora
and fauna, sociocconomics, and transportation were
chosen as the six environmental sectors that might be
most affected by urban waste technologies. Each was
investigated to develop information that would serve as
a basis for prudent environmental input to program
decisionmaking.
To fulfill this purpose, the study
indicates, wherever possible, trends of the recent past,
projections of future patterns, importance to the human
environment, and relevance to the urban waste program.
Recent EPA investigations of air quality found a
pattern of general reduction in the emissions of particulate matter, hydrocarbons, carbon monoxide, and
photochemical oxidants ( 4 , 7).
Other studies indicate
that reduction in these pollutants will continue in the
future (8,9).
Projections show that concentrations of
sulfur dioxide should remain at present levels to the
year 1990, but total nitrogen oxide emissions are projected to increase to almost 125 percent of 1975 values
because of increased diesel use and the increased burning
of coal in boilers.

The implementation of the program technologies
would have a beneficial effect on the majority of these
national trends. For example, urban or municipal solid
waste (MSW) combustion produces less sulfur dioxide,
nitrogen oxide, carbon monoxide, and hydrocarbon emission than the burning of coal in boilers. Nitrogen oxides
and hydrocarbons are the precursors of photochemical
oxidant formation in the atmosphere, and reductions in
these emissions can be expected to signify a reduction in
oxidant concentrations in the future.
The waste-toencrgy program would also result, however, in increased
particulate levels over those caused by coal combustion.
This increase and the increase of chloride emissions (in
the form of hydrogen chloride) must be considered a
negative impact of program deveJopment.
EPA studies (10) indicate that surface water
quality trends showed slow improvement in the recent
past but that the quality of groundwater has been
worsening. It is estimated that, in 1975, incineration of
MSW resulted in the discharge of surface water pollutant1! amounting to only 7360 metric tons of chloride,
5950 metric tons of sulfate, 3960 metric tons of
calcium, 130 metric tons of iron, and 28 metric tons of
lead (II).
Perhaps the most important environmental problem
associated with MSW is the formation of leachate in
landfills. EPA assessed groundwater samples from under
and down gradient of landfills that showed a wide range
of contaminants, including nitrate, total organic carbon,
sulfate, and cyanide (12).
The assessment indicates
that leachate pollution is keyed to local moisture conditions and soil infiltration conditions. A 1975 EPA study
indicates that leachate formation is potentially greater
east of the Mississippi and in the Pacific Northwest than
in the rest of the country (13).
As noted in that
study, MSW conversion technologies can reduce leachate
pollution as well as the problems of odor, fire, and
disease vector breeding by reducing the amount of MSW
landfilled.
An investigation of the national solid waste output
found that annual quantities of MSW amount to between
130 and 173 million metric tons (11). Approximately 90
to 95 percent is landfilled, with the remainder incinerated. Paper products are the most prevalent class of
materials (»0 percent).
Along with food wastes (17
percent) and garden trimmings, wood, plastics, rubber,
leather, and textiles (22 percent), they account for the
portion of solid waste that is combustible. Metals, glass
and ceramics, ash and rock, and dirt make up the noncombustible portion of the waste stream, accounting for
approximately 21 percent.
An analysis of the heating
value of a typical MSW stream found the value of wet
(as received) MSW to be 10,200 joules/gram and the
value of dried MSW to be 13,000 joules/gram (14).
The impacts of program technologies on flora and
fauna must be considered in contrast to the existing
impacts due to landfilling. Average landfills cover from
20 to 120 hectares and have historically been placed in
a wide variety of habitats, including freshwater and
saltwater wetlands, floodplains, canyons, farmland, and
any area that would not raise community opposition.
Because of transportation costs, urban areas cannot
afford to transport waste over extensive distances. As
the environmental value of floodplains and wetlands
becomes more apparent, it can be expected that urban
wastes will probably be deposited on dry land, as near
as possible to city fringes. Typically, land of the size
needed for the average landfill was formerly farmland,
most commonly containing an early successiona! community of perennial herbs and young woody pioneer
species. The implementation of the Urban Waste Technology Program would therefore result in a decidedly
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beneficial direct impact on flora and fauna due to the
reduction in land area needed for typical solid waste disposal.
The present study indicated that nationwide solid
waste collection and disposal costs average about
$33/metric ton, for a total of over $4 billion in 1976.
The solid waste sector employs an estimated 107,000
persons in controlling the annual waste load.
Slightly
over half the work force is employed by private companies, and the remainder are employed by municipal or
county agencies. Salaries for the majority of urban waste
personnel (unskilled collection workers) vary with the
size of the municipality served, but are comparable to
those of other unskilled workers.
The generation of
MSW is projected to increase by 50 million metric tons
by 1985, and this will lead to intense pressures on a
local basis to find suitable sites for the disposal of
wastes. Urban waste program technologies will be an
important factor in reducing the problem.
The transportation requirements of solid waste
disposal must be considered on a local basis.
The
present study provided some generalized traffic information for landfills and incinerators; Average traffic generated at a landfill would approach 500 vehicles per
day. The need to dispose of ash from an incinerator
would increase the vehicle trips to nearly 600 per day.
POTENTIAL ENVIRONMENTAL IMPACTS
In analyzing the environmental implications of
waste-to-energy technologies, the residuals of the three
program technologies (mechanical, thermal, and biological) were compared to the residuals from the combustion of coal to produce energy.
It was fc{t that
employing this comparison wherever possible enabled
program technologies to be judged against their most
prominent alternative.
Air Pollution
Byconversion and mechanical systems produce relatively minor impacts compared to thermal systems.
Mechanical systems generate paniculate emissions in the
handling of solid waste, but the particle size is primarily of a range that does not pose a significant health
or environmental hazard (15). Tests run at the Equipment Test and Evaluation Facility of the National
Center for Resource Recovery did not reveal emissions
of asbestos or heavy metals from mechanical systems
(15).
As discussed earlier, thermal systems involve direct
combustion, cofired combustion, and pyrolysis.
Studies
of uncontrolled paniculate emissions from thermal processes show that these emissions would consistently violate air quality standards and require the installation of
electrostatic precipitators. Studies (11) have also shown
late air quality standards and require the installation of
electrostatic precipitators. Studies (II) lave also shown
that all thermal systems have sulfur dioxide, nit. >gen
oxide, hydrocarbon, and carbon monoxide emissions tVot
are either lower than or equal to 100-percent coal com
bustion. Although heavy metals emissions from cofired
RDF-coal processes had been thought to be a major
problem, more recent information from an Ames, Iowa,
facility reveals that emissions are within standards.
The one gaseous emission that appears most likely
to prove troublesome is hydrogen chloride. Urban waste
is high in chlorides, and a substantial fraction would go
up the stack. It has been found that not only hydrogen
chloride, but also sulfur dioxide and nitrogen oxide omissions would be lowered if resource recovery is accomplished before combustion.

Co-combustion of RDF and coal produces a level
of particulate emission comparable to that of coal.
Based on tests of cofiring RDF and coal at various
sites, there does not seem to be a systematic increase
in particulate emissions or variation in particulate size
distribution (17). There does, however, seem to be a
higher lead emission than found when burning coal alone
(17).
Another possible problem in cofiring RDF with
coal is that electrostatic precipitator (ESP) efficiency is
decreased (18) due to the higher excess air requirement
of RDF, which increa-es the rate of gas flow through
the ESP.
Particulates formed by RDF tend to have
higher resistivities than those formed during coal burning, which causes further deterioration in ESP performance. The problem can be controlled, however, by
adding extra electrostatic precipitator elements. A beneficial result of cofiring an RDF-coal mixture compared
to 100-percent coal firing is a reduction in both sulfur
dioxide and nitrogen oxide emissions. The main area in
which RDF-coal cofiring adversely affects gaseous emissions is in chloride emissions, where cofiring can cause
the chloride emissions to increase by as much as an
order of magnitude.
Combustible gases are part of the product of pyrolysis technologies, and there are thus no significant gaseous emissions until the product is used. Tlie combustible products from a pyrolysis reactor are frequently
cleaned of particulates prior to fuel utilization.
For
example, gases leaving Union Carbide's Purox System are
passed through a recirculating water scrubber system and
an electrostatic precipitator to remove particulates, oil
mist, and excess water vapor. Hence, the gas resulting
from this process may contain some residual particulates, but the particulate loading is not expected to be
significant when the gas is combusted in a boiler.
In summary, particulate matter and possibly lead
are the most important air pollutants emitted by thermal
urban waste-to-energy systems in regard to present environmental regulations. Effective control of particulates
can be achieved for all thermal waste-to-energy technologies. While concentrations of trace metals, particularly lead, have been shown to increase with thermal
systems in comparison to coal, data are extremely
limited on this aspect of waste-to-energy conversion
systems.
Further monitoring should closely investigate
this area to provide more definitive scientific judgment
on whether any of these emissions may present environmental problems. Proper front-end separation may help
to prevent the inclusion of excess trice metals in the
air emissions from thermal conversion facilities (16).
Bioconversion processes are expected to produce
very little air pollution in contrast to thermal conversion
processes.
Anaerobic digestion systems produce a gas
that is mainly methane, carbon dioxide, and trace
amounts of hydrogen sulfide.
Air emissions can also
result from the incineration of lignin residues in hydrolysis and from fugitive dust in composting.
In general, however, air emissions caused by the
implementation of the urban waste-to-energy program
will have an insignificant impact on a national basis. In
a comparison of two categories of New Source Performance Standards (one for fossil-fuel-fired steam boilers
and the other for incinerators) with air pollutant levels
from waste-to-energy facilities, it was determined tiiat
standards are achievable and should not limit the development of program technologies when used with currently available pollution control equipment.
Water Pollution
Mechanical systems generate relatively minor
amounts of wastewater in housekeeping, dust control,
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and equipment cooling.
It has been found that these
wastewaters can be satisfactorily disposed of through the
sanitary sewage system.
In thermal systems, water pollution results from
quenching of bottom ash, cooling, and scrubbing the
effluent gases. Data from the Brain tree, Massachusetts,
waterwall combustor (19) indicate high pH, total suspended solids (TSS), and biochemical oxygen demand
(BOD) levels in wastewater. It is clear that treatment
is required and that discharging this effluent into sanitary sewers may be unwise.
One of the few studies of water effluents from a
cofired facility was conducted at a St. Louis, Missouri,
powerplant that cofired RDF and coal (18).
Analysis
showed that BOD, chemical oxygen demand (COD),
TSS, and dissolved oxygen levels were all adversely
affec'ed by adding RDF to the coal. It was concluded
that wastewater treatment would probably be necessary
at such installations to bring these parameters into
desirable ranges.
Although liquid effluents from pyrolysis operations
have not been investigated as extensively as air emissions, there are indications that water emissions may be
a more serious problem.
Water effluents from the
pyrolysis process, if untreated, may contain high
amounts of soluble organic and inorganic compounds
(20).
Water condensation produced from char during
pyrolysis and from the gas scrubbing system can be high
in BOD and COD and can contain alcohols, phenols,
aldehydes, and other organic compounds.
Hazardous
trace elements can also be presnt, since these are found
in RDF and sewage sludge, both of which can be used
as feed materials.
The liquid effluent from ai aerobic digestion with
alkali pretreatment contains few uspended solids and has
low BOD. The effluent is, no'..ever, relatively high in
inorganic nutrients and so some fraction can be recycled
to the fermentation tank for utilization. Effluent from
anaerobic digestion without alkali pretreatment may
contain digested organic matter and microorganisms.
The pilot anaerobic digestor operated by DOE has recycled all available liquid effluent since its startup, and
there is no indication that this cannot continue in the
future.
Therefore, no discharge is expected if this
technology is used.
Solid Waste
The main sources of solid waste from the mechanical processes are the housekeeping and separation
functions.
The practice of disposing of these housekeeping wastes through the municipal sewer systems
seems to be reasonable, based on the limited quantities
involved, as shown by a 1978 study at Ames, Iowa (21).
Incineration of MSW results in a highly variable
bottom ash. Although no specific study has investigated
leachate from bottom ash deposited in landfills, trace
metals may be of concern.
Studies at the Braintree
combustor indicate some trace metals are concentrated
in the bottom ash (19). Most notably, lead was found
to have undergone a tenfold increase over its incoming
concentration.
Cofiring of RDF with coal has produced as much
as a sevenfold increase in the quantity of bottom ash
(17). Studies have suggested that the use of particular
hardware in combustion units, such as dump grates and
stoker-type furnaces (as tested at Ames, Iowa), would
reduce the volume of solid waste. Data from the St.
Louis project (17) indicate a prevalence of barium,
cadmium, copper, lead, zinc, bromine, and chlorine
pollutants in bottom ash.
Solids discharged from pyrolysis units range from
bottom ash similar to that from combustor units to a

glassy aggregate-type slag.
In the Purox System, the
amount of slag produced from the reactor averaged
about 220 kilograms per metric ton of refuse, with a
high ash content (97 percent) and low heating value
(783 kilojoules/kilogram).
Constituent analysis of the
slag indicated that concentrations of the trace elements
did not exceed those found in related types of solid
waste streams. Some of the more volatile metals, such
as antimony, mercury, and lead, were present in low
concentrations in the slag. However, a study on leachates reported that the only contaminant that exceeded
the U.S. Public Health Service drinking water standard
was lead (12).
Odor and Noise
The program technologies that create odor and
noise problems are primarily the mechanical and thermal
processes.
Proper housekeeping, including frequent
washing down of the tipping floors to remove putrescible
matter, is effective in reducing odor problems. Noise
problems are quite prevalent due to the nature of processing plant equipment. A 3t. Louis study (22) showed
that loaders, shredders, nuggetizers, magnetic belts,
and air classifiers can cause sound levels offsite to
exceed the thresholds for disturbing normal human activity. Prudent site selection as well as facility design are
important mitigation strategies for reducing adverse
impacts. For example, drawing air from the enclosed
refuse storage pit area for primary combustion air can
be effective in avoiding odor problems at thermal facilities. Odor and noise impacts from biological processes
have not been quantified, but are not expected to be a
significant problem.
Noise impacts may result from
composting hammer mill operations and trace amounts of
hydrogen sulfide emissions can be expected from anaerobic digestion systems, but these problems are minor
and can be controlled.
Flora and Fauna
Possibly the major environmental effect on flora
and fauna relating to the institution of urban wasteto-energy processes would be the diversion of MSW from
landfilling.
This means that approximately 5450
hectare-meters (44,260 acre-feet) of habitat that would
have been landfilled can be preserved through 1990.
Socioeconomics

The waste-to-energy systems have several social
and economic benefits that suggest high potential for
long-range financial profitability and immediate social
profitability. These projects reinforce national policy in
areas of energy, natural resources, and the environment, and thus justify the support of demonstration
facilities, even though immediate financial returns are
not always forecast due to the high risk associated with
these new and in proven capital-intensive technologies.
Currently, the primary motivation for a municipality's considering a waste-to-energy system is the
increasing difficulty of finding suitable sites for landfills
to dispose of municipal waste. Originally, suitable land
sites were available in the immediate vicinity of the
waste generation sources, and these sites would often
benefit from the landfill operation (e.g., a ravine or
canyon could be filled). But most of these nearby sites
have been fully used, and as metropolitan areas have
expanded, landfill sites are driven further from the population center.
This distance increases the cost of
waste transport and thus the overall cost of waste
disposal. The spread of suburban areas is expected to
continue, and new sites suitable for landfill development
would be more costly. It can be readily forecast that
the cost for landfill operations will increase at a rate
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above that of the general inflation rate for the Nation,
which suggests that waste-to-energy systems would
become more economically attractive.
If urban waste demonstration units are to exhibit
financial feasibility, it is essential that secure markets
exist for their recovered materials.
The market for
recovered (i.e., recycled) materials is subject to severe
and somewhat unpredictable fluctuations, which could be
destructive to the cash flow of the demonstration units.
This instability increases the financial risk of the operation and decreases the probability of its successful
operation. It is likely that, after the successful demonstration of urban waste systems, industrial plants would
consider them a reliable, steady source of material
rather than merely a spot market to fill capacity when
conventional sources are short.
DOE will attempt to
establish these stable markets through financial and
economic incentives.
Health and Safety
Studies in the solid waste collection area have been
conducted to determine if there is a relationship
between solid waste handling and infectious diseases.
Past epidemiological studies have been unable to identify
any significant difference wtween sanitation workers
and control groups for rates of skin infections or gastrointestinal disorders. Thus, there is no present factual
basis upon which to conclude that working in a resource
recovery plant has any serious adverse health effects
(23, 24).
Although microbiological organisms and
viruses may pose a potential problem, there is no
current information to indicate that this is a genuine
health concern as long as reasonable precautions are
taken.
If there is a special safety consideration in
resource recovery plants, it relates to the size reduction
process and particularly the hammer mill.
Explosions
are relatively commonplace in shredders, caused by
flammable liquids such as paint, solvents, and gasoline
and explosives.
The normal design of a shredder
prevents severe problems, but material may be ejected
from the top and bottom of the shredder. Appropriate
project designs for explosion suppression systems, explosion relief vents, and fire control systems can effectively minimize this potential problem.
The potential safety hazard to the general public
from such facilities is thus shown to be minimal and
easily controlled through simple design and construction
procedures.
These matters will be considered in the
environmental, health, and safety analyses previously
noted as required for each application.
SUMMARY
Potential Impacts
Mechanical processing systems present potential
concerns from dust and airborne micro-organism concentrations and explosions, but these are insignificant with
the application of existing control systems.
Thermal technologies reduce the volume of waste
for disposal by about 80 percent, and the relatively
inert ash or residue has much less impact on groundwater than unprocessed wastes.
The concentrating
effect of trace metals in the process residue and the
potential impact on groundwater has no: been extensively
documented at this time.
The water effluents from
waste-to-energy facilities have shown pollutants due to
quenching ash, cooling, and scrubbing gases in thermal
systems. Indications are that wastewater treatment will
be a necessity before effluents may be discharged to
sanitary sewers or waterways.
There is no reason to
believe that existing wastewater treatment technology

could not be employed to adequately control effluents
from the facilities. The primary environmental concern
with direct combustion systems is the potential impact
on air quality. Air emissions of particulars, chlorides,
and lead can be above comparable levels resulting from
100-percent coal combustion. Existing control technologies are available to maintain emissions within currently
acceptable air quality standards.
Co-combustion of
urban waste with coal reduces air quality emissions in
comparison to 100-percent coal-fired systems.
The
problem of reduced electrostatic precipitator efficiency
has arisen in RDF-coal cofired studies, but current
hardware and technology is expected to control emissions
within standards.
Air quality emissions from pyrolysis
units are minimal, with little if any off site impacts to
air quality expected.
Biological systems present few environmental concerns. A potential for fire and explosion exists in the
generation and collection of methane gas but, with
proper operation and maintenance safeguards, these
hazards can be avoided.
Cumulative Impacts
The cumulative impacts of implementing a resource
recovery/urban waste program on a nationwide basis
were evaluated by the Municipal Environmental Research
Laboratory of the Environmental Protection Agency
(11). The study considered the primary effects of using
urban waste technologies and also the secondary effects
of decreased fossil energy needs an.! lower demand for
virgin materials (steel, aluminum, etc.) due to recycling.
The results indicated that air quality emissions
.would increase for particulates and chlorides, but would
decrease for sulfur dioxide, nitrogen oxides, carbon
monoxide, and hydrocarbons. In addition, while impacts
iC surface water may increase slightly, the improvement
to groundwater could be significant.
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HIGHLIGHTS OF THE TEST RESULTJ FROM THE OPERATION OF A 5 MW PILOT
PLANT DEMONSTRATION OF THE EIC PROCESS AT THE GEYSERS*
G. W. Allen
Pacific Gas and Electric Company, San Ramon, CA 94583
F. C. Brown
EIC Corporation, Newton, MA 02158

BACKGROUND
Development of effective, economic control techniques for hydrogen sulfide emissions would remove a major environmental impediment to the further
development of geothermal resources both in the United States and abroad.
The initial attempts to cope with this problem involved modification of
existing power plants. At The Geysers, dry steam is expanded through turbines and condensed in direct contact condensers. The hydrogen sulfide and
other noncondensable gases, principally carbon dioxide and ammonia, are
partitioned, some dissolving in the large flow of circulating cooling water
and some remaining in the vent gases which are removed by the system ejectors.
To achieve high degrees of abatement both liquid and gaseous streams> with
hydrogen sulfide contents which vary by some orders of magnitude, must be
treated. Early attempts to cope with this problem, including the use of a
burner-scrubber combination to treat ejector vent gases and the iron salt
catalyzed oxidation of hydrogen sulfide dissolved in the condensate, have
proved to be difficult to operate reliably. Demonstrated H2S removal
efficiencies are on the order of 90-95%.
During its initial reviews of the hydrogen suliide abatement problem,
EIC Corporation came to the view that the successful development of an upstream treatment process might be more effective and economical than downstream abatement approaches since only one stream must be treated. It
could also solve, directly, the problem of preplant emissions. Furthermore,
an upstream abatement technique.might have collateral benefits since the
steam would be purified by removing at least some of the "rock dust" and other
impurities, particularly boron, which tend to accumulate on turbine blades.
Reviews of technology then available showed that no process would be entirely
appropriate. Existing chemical methods either did not apply at the high
temperatures of geothermal steam upstream of the turbines or would require
the consumption of uneconomic amounts of chemicals and generate large amounts
of by-products which would be difficult to dispose of. Physical methods, such
as the use of a condenser-evaporator with vent gas treatment, require some
pressure loss ahead of the turbine, thereby decreasing the available energy
in the steam.
The objective, then, was to develop a process which was highly effective in terms of hydrogen sulfide removal, imposed minimum energy loss on the
power generation cycle, and would neither require the consumption of expensive

*Steam flow rate of 100,000 lb/hr is equivalent to 5 MW of electric generation.
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chemicals nor the generation of by-products which would be difficult to dispose
of. A review of the chemistry of the hydrogen sulfide-water-ammonia system
showed that the use of copper salts could serve as the basis of the development of a viable, integrated process.
EIC's copper sulfate process for the removal of hydrogen sulfide and
other compounds from geothermal steam at turbine upstream conditions is based
on the thermodynamics of the copper-sulfur-water system at geothermal conditions. If geothermal steam is contacted with a solution containing copper
ions at reasonable concentrations, say >.O1 mole/A, and at pH's >M., it is
theoretically possible to obtain essentially quantitative removal of hydrogen
sulfide from the steam, that is, to achieve hydrogen sulfide partial pressures
over the solution of <10"10 atm. The product of the reaction, copper sulfide
solids, could then be separated from the scrub solution and the copper regenerated for recycle to the process. Thus, an integrated process could be
achieved without large consumption of chemicals. E1C, supported by the
Department of Energy and Pacific Gas and Electric Company, structured a threephase program for the development of the necessary technology. The approximate cost and time duration for each phase of the program is summarized below.
Phase

Time,
Years

Cost, $M

Laboratory Investigation

1

150

Engineering Development & Design

Us

350

Pilot Plant Construction & Testing

1%

2,500

COPPER SULFATE PROCESS DESCRIPTION
EIC's copper sulfate process consists of four key steps:

I

•

Scrubbing, in which geothermal steam at turbine upstream conditions is contacted with a copper sulfate solution of the
appropriate composition. Hydrogen sulfide and ammonia are
removed and the products of the reactions are copper sulfide
solids and an aqueous solution of ammonium sulfate and sulfuric acid. Boron and other soluble compounds and "rock
dust" are scrubbed from the steam by contact with the circulating solution.

•

Liquid-solid separations, in which a purge stream is withdrawn from the circulating scrub solution and separated
into a clear liquid fraction and a portion of more concentrated copper sulfide solids. The clear liquid purge
carries soluble reaction products from the system
while the more concentrated slurry is directed to a regeneration step.

•

Regeneration, in which the copper sulfide solids are reoxidized
to copper sulfate which is, in turn, recycled to the scrubbing
step. Heat exchange between the scrubber purge and makeup
copper stream is used to recover energy.
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•

Treatment of the clear liquid purge, which is required to
recover soluble copper for recycle to the process. The
purge stream may be treated further if desired to recover
by-products or may be simply reinjected into the steam
reservoir.

The process chemistry is summarized in Table 1.
Table 1
Chemistry of the Copper Sulfate Process

-

Scrubbing
H,S Removal:
NH, Removal:

H

S,

N
2 (g)

+ CuSO.. . ->
4(aq) '

2NH 3 ( g ) + H 2 SO 4 ( a q )

Others, e.g.,:

H B

3 °3(g) -

CuS

*
H

(s) + H2S°4(aq)
(NH

4>2S°4(aq)

3 B0 3(aq)

Regeneration
CUS

(S) + 2°2(g)

+

Ca8O

4(aq)

Net Result
(H2S + 2NH3 + :

Wsteam

+2

°2(g

+

«NH 4 ) 2 SO 4 + H

The process is depicted schematically in Fig. 1.
The chemistry of the scrubbing step is more complex than shown since,
at turbine upstream conditions, the cuprous ion has significant stability and
some cuprous sulfide and elemental sulfur are formed. Nevertheless, the net
effect of the process is to remove hydrogen sulfide and ammonia from the
steam, oxidize the sulfide to sulfate, and remove ammonium sulfate, boric
acid, and other soluble compounds as a neutralized, concentrated liquid purge.
Oxygen is derived from air, either directly from compressed air or from an
oxygen separation plant. If there is insufficient ammonia in the steam to
neutralize all the acid formed, which is the general case, an external
neutralizing agent must be supplied. Ammonia, caustic, or lime might be used,
the final choice being made from a consideration of the costs of reagent
supply and by-product disposal.
DESCRIPTION OF THE 5 MW PILOT PLANT
The establishment of the design criteria and detailed equipment design
for the 5 MW pilot plant were carried out in the second phase of the development program. Procurement, construction and operation of the pilot plant
took place in Phase 3. The key elements of the pilot plant and a base case
material balance are shown in Fig. 2.
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Schematic description of the copper sulfate process.
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Approximately 10% of the steam normally passing to No. 7 Unit was
removed from the main and treated for hydrogen sulfide removal. The scrubber,
designed to treat a nominal 100,000 lbs/hr of steam, was 6' in diameter and
30' high. Contact between the steam and the scrub solution was carried out
on a single sieve tray and the flowrate of circulating scrub solution was
adjusted to obtain the desired tray hydraulics. Disentrainment was achieved
by means of mesh type demister pads located in the upper section of the
scrubber.
Slurry was purged from the scrubber and passed through a plate type
heat exchanger to be cooled by exchange with makeup copper sulfate solution.
Liquid-solid separation took place in a 10" diameter decanter with the underflow slurry being directed to a surge tank and the purge stream directed to
disposal or to temporary storage for off line decopperization experiments.
Regeneration was carried out batch-wise in a 3,500 gallon jacketed,
agitated vessel. Typically, two batches per day were run and the slurry was
preheated externally by a steam heated exchanger on the slurry storage tank.
Regeneration was carried out using either compressed air or vaporized liquid
oxygen with provisions being made to obtain kinetic data over a range of
temperatures and oxygen partial pressures. Occasionally, partial regeneration
was carried out at near ambient conditions in the slurry holding tank. The
reactor contents were filtered following a regeneration cycle and then stored
for recycle to the scrubber.
Instrumentation was provided to monitor the operations of the process
and samples were taken for analysis for control and material balance purposes.
Automatic controls were provided for all elements of the process. The flowrate of makeup copper sulfate was controlled automatically in response to the
measured copper content of the purge stream and the set points of all other
flows were adjusted as required to maintain stable operations.
TEST RESULTS
The test campaign for the 5MW pilot plant lasted approximately six
months. During this time approximately 125 million pounds of steam were
treated with an average hydrogen sulfide removal efficiency of 97% and
removal efficiencies exceeding 99% were obtained frequently during the last
stages of testing. About 60 tons of copper sulfide solids were formed,
regenerated, and recycled with negligible losses, and all steps in the process
have been demonstrated.
It became apparent early in the campaign that the steam condition was
much more highly variable than had been anticipated. The observed hydrogen
sulfide contents for the inlet steam throughout the campaign are shown in
Fig. 3, and the steam inlet condition for a portion of one of the latter test
runs is shown in Fig. 4. Fortunately, the process proved to be inherently
stable and it was relatively easy to cope x*ith wide fluctuations in steam
condition and composition by adjusting flow rates through the decanter.
The hydrogen sulfide removal efficiency obtained throughout the course
of the test campaign is summarized in Fig. 5. Relatively lower hydrogen sulfide removal efficiencies were obtained in the July-August period during widch
a series of tray modifications were being tested. Then, as more operating
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experience was accumulated, it became possible to achieve higher levels of
abatement without taking unusual operating steps to do so.
The results of a series of scrubbing efficiency tests are shown in
Table 2. These were short-term (1 hr) tests, and long-term operation at
the highest efficiencies has not been demonstrated.
Table 2
Scrubbing Efficiency Tests

Run

Steam Flow
(103 lb/hr)

Contact Time
(seconds)

Scrub Solution
(8/A Cu)

Percent H 2 S
Removal

3.1
2.8

92.6
95.8
97.7

90
110

0.3
0.4

1315

90
110
90

0.5

3.2
2.9
3.2

0830

90

0.6

3.1

99.1

1215

90

0.8

3.0

99.9

1515
1615
1415
1715

0.4
0.5

93.4
97.4

Longer contact times and higher copper concentrations promote higher degrees
of hydrogen sulfide removal. This would be obtained at the expense of a more
costly decopperization step, more neutralizing agent feed, and would require
careful control of the process to insure tray hydraulics were proper
In addition to hydrogen sulfide, approximately 802 of the ammonia in
the incoming steam was also removed. While nearly complete hydrogen sulfide
removal is possible, the extent of ammonia removal depends on the pH of the
scrub solution and its ammonium sulfate concentration as well as on scrubber
hydraulics. Simultaneous removal of most of the boron, arsenic, sodium
potassium, and calcium was also obtained, the latter compounds probably arising from the "rock dust" which is present in the steam.
Rapid and quantitative regeneration of the copper sulfides was obtained
routinely as shown in Fig. 6. Many runs were half completed before the first
sample could be taken. The regeneration rate is a function of temperature and
oxygen partial pressure, increasing with each. The upward break shown in some
runs reflects the fact that, early on, the oxygen vaporizer could not keep up
with the demand and some time was required for the oxygen pressure to rise to
the controller set point. Similar behavior was observed for runs in which
compressed air was used, but lower rates are obtained since the maximum oxygen
pressure was limited to approximately 20 psi at a maximum total operating
pressure of 125 psig.
Liquid-solid separation in the decanter proved to be easy and reliable.
No problems were experienced on restarting after shutdown, and the overflow
typically contained less than 10 ppm of suspended solids under normal operating conditions. Aside from minor mechanical difficulties, all components of
the pilot plant performed according to expectations with the exception of the
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plate heat exchanger and the scrubber's demister. The plate heat exchanger
fouled rapidly on the hot end of the makeup copper sulfate side and was bypassed. An auxiliary cooler was converted to a stem heater and picked up'
the required duty.
The original demister used in the scrubber consists of a series of segmental Teflon pads which tended to shrink in service as the Teflon monofilament elements relaxed. This caused gaps to occur between the segments through
which steam passed without being disentrained. Carryover reached levels
approaching .01 lb/lb of steam and the entraiment of acidic scrub solution
caused significant corrosion of downstream carbon steel piping. The demister
pads were eventually replaced with titanium wire mesh demisters and the amount
of entrainment was reduced to 0.0001 lb/lb of steam.
Test coupons were exposed to the scrub solutions at various locations
within the scrubber vessel to determine the resistance to corrosion for various
alloys. Type 316, 304 and C20Cb3 stainless steels showed corrosion rates of
approximately 4, 3, and 2.5 mills/year while titanium and titanium-palladium
specimens showed corrosion rates of about 0.2 mills/yr. The scrubbing vessel
and trim components had been fabricated of C20 and the bare metal of the shell*
heads» and piping proved to be resistant to attack as had been predicted.
However, the metal proved to be subject to crevice corrosion which occurred,
for example, at flanges where gaskets were misaligned and at the flanges of
the tray segments. While this was not unanticipated, a significant corrosion
problem was also encountered on the vessel welds which we believe was associated with porosity. A significant amount of titanium trim had been included
in the system, being used in piping spools, pumps, and on the scrubbing tray.
This material showed no evidence of corrosion on either bare metal or in
crevices and will be specified for use in a commercial system.
SUMMARY
The results of the six months test campaign demonstrated the process
concept: the scrubbing step is stable, can cope with steams of widely varying
composition and condition, and is capable of achieving routinely high degrees
of abatement. The liquid-solid separation step is reliable and regeneration
and recycle of the copper sulfide solids is easy and quantitative. The process
is not consumptive of large amounts of chemicals and produces waste products
which can be disposed of by reinjection with cooling tower blowdpwn or by
evaporation and off-site disposal. Preliminary cost estimates have shown that
the direct operating costs for the process will be lower than for existing
alternatives at comparable degrees of abatement. Since the process can cope
with the troublesome problem of preplant emissions as a normal feature of
operation, additional cost advantages will be realized vis-a-vis the use of
downstream abatement techniques.
EIC is currently carrying out a conceptual engineering study for PG&E
Company to define the configuration of a commercial scale demonstration system
at No. 7 Unit. The conceptual design and cost estimate will be completed by
mid-year. While PG&E and EIC are pleased with the H2S removal capabilities,
the process needs to be demonstrated.further, and operation of a demonstration
unit on a continuous basis could prove the system reliability.

55*5"
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3)
C)

effects of CAES operation on reservoir ecology
1)

2)

D)

Task 5

biota

water level fluctuations and cycling in and out of
compensating leg
a)

effects on ecology of artificial reservoir

b)

effect on ecology of existing water bodies used
for compensation

contact with air at elevated temperature
a)

surface effects such as fog, ice, etc.

b)

effect on reservoir ecology

c)

effect on existing water bodies

effects of CAES facility operation on subsequent uses of
the water
1)

artificial reservoir

2)

existing water body

Effects of CAES Reservoirs in Aquifers on Ground-water Hydrology
A)

in the immediate zone of influence of the bubble

B)

in aquifer used for the CAES reservoir

C)

in other aquifers

D)

in surface and near-surface waters
1)

formation of new springs and/or artesian wells

2)

alteration of near-surface production

3)

changes in water quality and physical characteristics
of existing springs, streams and other water bodies

Sub task
5b
Monitoring system required for safe and environmentally sound
operation of CAES reservoir
Subtask
5c
Effects on the aquifer of chemical (and physical) techniques
employed to condition the aquifer for use as CAES reservoir
Task 6

Potential for Induced Geologic Phenomena
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Task 7

A)

induced seismicity in hard rock due to pore pressure changes

B)

induced seismicity in aquifers

C)

surface subsidence
above salt domes (beds)

2)

above aquifers

Review Results of Environmental Studies Performed by DOE-EPRI
Demonstration Projects and the Preliminary Results of Technical
Development Studies
A)

Task 8

1)

modify program accordingly

Effects of CAES on Aquifers

Subtask
8a

Effects on aquifer geochemistry
A)

redox reactions

B)

pH changes

C)

solution/precipitation reactions

D)

bacterial contamination and its effects

E)

clay mineral formation/mobilization

Subtask
8b
Effects on aquifer media

Task 9

A)

porosity/permeability

B)

compaction/disintegration

C)

long-term changes in aquifer media (after decommissioning)

Site Selection Criteria and Methodology for CAES Facilities
A) CAES facilities in salt
1)

site selection criteria

2)

methodology employed

3)

research unique to selection of sites for CAES in
salt
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B)

a)

past history of salt dome or bed must be thoroughly
assessed and location of old solution mines known
exactly

b)

competition among other users or potential users
of the salt dome resources may affect CAES
development

c)

source of fresh water for solution mining
availability

2)

water rights

3)

required permits

4)

environmental impact of pumping/piping
facilities

CAES facilities in hard rock
1)

site selection criteria

2)

methodology employed

3)

research unique to selection of sites for CAES in
hard rock
a)

C)

1)

compensating reservoirs
1)

site selection criteria

2)

land requirements

3)

suitability of usins existing natural or
man-made water bodies

4)

water source

CAES facilities in aquifers
1)

site selection criteria

2)

methodology employed

3)

research unique to selection of sites for CAES in
aquifers
a)

geophysical analysis to locate suitable anticlinal
dome

b)

pump testing and aquifer pressurization testing
of closure and caprock integrity
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Task 10

Legal/Institutional Aspects of CAES Development
A)

B)

C)

D)

legal/institutional aspects of subsurface injection/withdrawal
of air
1)

forthcoming EPA subsurface injection regulations

2)

mineral rights

3)

storage rights

4)

Federal, state and local permits

legal/institutional aspects of disposal of brines generated
in solution-mining by reinjection
1)

forthcoming EPA subsurface injection regulations

2)

Safe Drinking Water Act

3)

Federal, state, and local permits

legal/institutional aspects of mining CAES caverns in salt
1)

mineral rights

2)

Federal, state and local permits

legal/institutional aspects of CAES reservoirs in aquifers
1)

E)

Task 11

water rights
a)

effects of CAES on other users

b)

effects of other users on CAES

legal/institutional aspects of obtaining subsurface and
surface rights
1)

right of eminent domain

2)

easements

3)

storage rights

4)

mineral rights

Surface Effects of Plant Operation Common to all types of
CAES Facilities
A)

discharges of combustion products to the atmosphere

B)

discharges of wastewater
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C)

consumptive water requirements

D)

heat rejection to the atmosphere from cooling tower
operation

E)

water vapor rejection to the atmosphere from cooling
tower operation

F)

noise

G)

land requirements of surface facilities

H)

socioeconomic impacts of plant construction

1)

accidents
a)

Task 12

probabilities and consequences
1)

well blowouts

2)

cavern collapse

3)

etc.

Method and Impacts of Construction of Air Storage Reservoirs
A)

CABS caverns in salt
1)

2)
B)

alternative construction methods
a)

solution mining

b)

room-and-pillar mining

impacts of mining activities

CAES caverns in hard rock
1)

alternative construction methods
a)

room-and-pillar

b)

horizontal tunnels

2)

impacts of mining activities

3)

compensating reservoirs
a)

construction alternatives

b)

land requirements and preparation

c)

use of mined waste rock for reservoir construction
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C)

CAES reservoirs in aquifers
1)

well layout

2)

manifold system

3)

impacts of drilling and construction of manifold
system

D)

achieving complete isolation of air storage reservoirs
1)

well casing
a)

through salt

b)
c)

through aquifer caprock
through unconsolidated, water-bearing, nearsurface strata

Task 13

Generic Environmental Assessment of CAES in Salt Following CEQ
Regulations Using Results of Foregoing Tasks

Task 14

Generic Environmental Assessment of CAES in Hard Rock Following
CEQ Regulations Using Results of Foregoing Tasks

Task 15

Generic Environmental Assessment of CAES in Aquifers Following
CEQ Regulations Using Results of Foregoing Tasks

NOTE:

The final products of tasks 13, 14, and 15 will be determined
by the requirements of the sponsor. Preparation of an environmental assessment following CEQ regulations may not be necessary
but will ensure a thorough, comprehensive assessment of the
environmental control concerns of CAES technology. The end
results may be some other environmental document but the intent
and purpose remain the same.
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STIBINE/ARSINE EMISSIONS FROM LEAD-ACID BATTERIES
R. Varma, G. M. Cook, and N. P. Yao
Chemical Engineering Division
Argonne National Laboratory
Argonne, Illinois
60439

INTRODUCTION
Antimonial lead alloys, which also contain some arsenic, have
been traditionally used for the fabrication of lead-acid battery
electrodes. The addition of antimony and arsenic to the lead is
found to improve the metallurgical properties of the grid. Positive
grids of lead-acid batteries, currently being developed and evaluated
for near term electric vehicle (EV), utility load-leveling, and
solar electric applications are expected to be fabricated from
antitnonial-lead (1.5 to 4.5% Sb plus about 0.0 to 0.3% As) alloys.
Negative grids, on the other hand, may well be fabricated from
antimony free calcium alloys. However, during cycling of the
lead-acid batteries, some of the antimony is solubilized and thereby
transfered to the negative electrode.
The lead anode potential may attain levels, more negative, than
-0.6V (vs_. a Normal Hydrogen Electrode) during charging of lead-acid
cells when cell voltages exceed 2.40V. In a theoretical analysis*,
it was reported that lead anode potentials more negative than -.6V
vs. NHE may promote stibine generation at the negative electrode of
lead-acid cells in which the positive electrode grids are fabricated
from antimonial-lead alloys. Thus, stibine and arsine must be considered as possible cell-effluents during charge and equalization of such
batteries. This anticipation is confirmed by previous studies by
Varma and Yao 2 , and Holland3. It was shown that, during charging,
stibine and arsine gases can be produced in significant amounts from
industrial lead-acid cells having both positive and negative electrode
grids of antimonial-lead alloy.
Arsine and stibine are colorless gases with garlic-like odours.
Unlike arsine*, stibine^ is thermally unstable, reported to
decompose^ in air to the extent of about 50% in 6 to 12 minutes.
Despite this thermal instability of stibine, both hydrides may
accumulate in atmosphere of poorly ventilated enclosed working areas
where the emission rates are high.
Stibine and arsine are toxic gases. Possible poisoning of
humans from inhalation is a concern which must be assessed for a
variety of work situations and scenerios. Fatalities reported? on
board a British submarine in 1919 were attributed to poisoning by
exposure to stibine in the work-space air. No other injuries from
use of lead-acid batteries have been documented in the literture.
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Standards have been set for occupational exposure to both
stibine and arsine. The Threshold Limit Values - Time Weighted
Average (TLV-TWA) represents a limit for average exposure levels
experienced by humans in their work places over a period of 8
continuous hours. The National Institute of Occupational Safety and
Health (NIOSH) has set these TLV-TWA limits8 at 0.1 ppmv (or 0.5
mg/m^) for SDH3 and 0.05 ppmv (or 0.2 mg/m^) for ASH3. The
American Conference of Government Industrial Hygienists recommends"
that Short Term Exposure Limits (STEL) be greater than TLV-TWA by
a factor of three, for 15 minute exposures, for ASH3.
STIBINE/ARSINE GENERATION
The study reported by Holland^ on the generation of stibine
and arsine involved experiments on cells of several thousand amperehour capacity. The cell-grids were fabricated from alloy compositions
containing 8 and 3 percent antimony. Stibine generation was monitored
over a 30 month period. A number of conclusions may be drawn from
this study: (1) Stibine generation took place at cell voltages
greater than 2.45 V, most of the emission being limited to the
overcharge period, (2) Stibine generation rates were observed to be
higher with the grids having the higher antimony content and, (3)
Stibine generation rates remained substantially unchanged during the
entire 2.5 years of testing.
Argonne National Laboratory (ANL) has an on-going program of
research on lead-acid batteries. A study2 was completed on the
generation of stibine and arsine from a large 4.2 kWh industrial
lead-acid cell (2250 A-h capacity at 5-h rate) for a utility loadleveling duty cycle. Both positive and negative grids contained
antimony and arsenic. The stibine and arsine generated during
charging were absorbed in tubes containing 3N H2SO4 with kl and
I2 dissolved in it. The antimony and arsenic contents of the
absorbate solution were determined by colorimetry and atomic absorption spectrophotometry (AAS) respectively. The total emission of
stibine and arsine as well as their generation rate profiles were
determined for experiments in which the cell would, each week,
undergo four normal charge-discharge cycles followed by an equalization-type of cycle. A number of conclusions may be drawn from
results obtained in the study. The rates of stibine and arsine
generation from the lead-acid cell could be reduced to insignificant
amounts if the voltage during charge and equalization charge-cycles
were kept below 2.40 V. Generation rates of stibine and arsine were
found to be most significant during the overcharge period of the
charge cycle and even higher during equalization charging, which was
conducted at 2.55 and 2.65 V. No emissions were observed from the
lead-acid cell during stand or discharge, (the study by HoHand3
supports this finding). A typical stibine/arsine generation profile
during a typical charge cycle is shown in Figure 1. A brief summary
of hydride emission data obtained on a lead acid cell is given in
Table 1.
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PUBLISHED ANALYTICAL PROCEDURES FOR DETERMINATIONS OF STIBINE AND
ARSINE
The few methods that have been described for the direct determination of stibine and arsine in air are based upon the use of
impregnated paper, indicator tubes and absorption in chemically
reacting solutions followed by colorimetric or AAS determination of
the hydrides.
The production of colored stains is the principle behind
commercially available arsine detector tube-kits. The Kitagawa* and
Draeger+ detector kits, claims a detection sensitivity for
ASH3 over levels .05 to 160 ppm in air and the arsine/phosphene
electronic monitor*, claims a detection sensitivity of 0.005 to 0.2
ppmv ASH3 during sampling of 10L of air.

Table 1.

Stibine and Arsine Generation From a 4.2 kWh
(2250 A-h at 5-hr Rate to 1.75V) Lead-Acid Cell
Total Generation0 mg

Experiment
Charge Cycle a

SbH3

ASH3

12.1 + 1 . 4

0.33 ± 0.06

2.55 V

25.5 _+ 0.7

0.23 +_ .01

2.65 V

63.1 _+

0.33 _+

Equalization15

.05

.01

a.

The 4.2 kWh (2250 A-hr at 5-hr rate) cell was discharged
for 5 hr at constant current to
80% DOD and charged at
constant (290A) current for 5-6 hrs to 2.45 V, followed
by a current limited constant-voltage (tapering) charge
at 2.45 V for
3 hr.

b.

The fully charged cell was given an additional 4-hr charge
at constant voltage.

c.

The values given are the average for several cycles.

*Distributed by Matheson Gas Products Co., East Rutherford, N.J.
Distributed by National Draeger Company
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Both use the reaction of mercuric halides HgX2 (X = Br, CL) with
ASH3 in the presence of moisture, which leads to the formation of
colored stains. The reaction products are yellow or brown. This
reaction is far less sensitive to stibine than arsine, therefore, it
would be more expensive to develop solid-state colorimetric procedures
for monitoring stibine based on the reaction.
Stibine in air can be absorbed in a solution of methylfluorone
in an aqueous silver sulfate solution to form a colored solution.
Short and WheatlylO developed instrumentation based on this
analytical procedure for monitoring SbH3 in ambient air on board
British Admiralty ships in the 1960's. The disadvantages of the
procedure are the chemical instability and carcinogenic property of
methylfluorcne.
A solution of Nal3 (Nal + I2) in HCIO4 solution was
successfully used by Garni** to collect stibine and arsine from the
charge gas of lead-acid batteries. However, the use of HCIO4
requires special handling procedures because of the potential fire
and explosion hazard.
SAMFK DESIGNS, FUNCTIONS AND TESTING
A Stibine/Arsine Monitoring Field Kit (SAMFK) was developed at
ANL for the field collection and evaluation of the extent of SbH3
and ASH3 release. It has been used for monitoring these gases
from cells under charge and in the ambient air near lead acid
batteries.
The kit (See Figure 2) consists of a SbH3/AsH3 collection
train, a Bendix Model BDX-S6 Air Sampler Metering Pump, universal
battery cap connectors and a hand held Bausch and Lomb Spectronic
mini-20 spectrophotometer. The SAMFK was designed for collection of
SbH3 and ASH3 gases directly from battery charge gas or ambient
air and to permit on-site spectrophotometric determination of
antimony in the absorber solution. The absorber solution is 3N
H2SO4 containing 8% KI and 1% I2.
In the Battery Charge Gas Sampling Mode (See Figure 3) an
appropriate battery cap connector is affixed to the watering hole of
the lead-acid cell with the outlet tube of the cap connected to the
gas inlet port of the kit. Air, under the action of the pump, is
sucked through the cell-space above the moss plate, carrying with it
the charge gases, the contaminated air is then bubbled through a 50
or 100 iuL aliquot of absorber solution in the bottle labeled B001.
Ambient air can be sampled by the SAMFK (See Figure 3) at rates
of 1 - 2 L per minute. The collecting of SbH3 and ASH3 is by a
similar operation except that the battery cap is not used and air is
admitted directly at the kit inlet port.
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*r

Figure 2.

Stibine/Arsine Monitoring Field
Kit (SAMFK).
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GOO2
CONNECTED
TO BATTERY . i
CAP OR OPEN
TO AMBIENT
AIR

Figure 3. Ambient Air and Battery Charge Gas
Sampling Modes of the SAMFK.
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For on-site determination of antimony in the absorber solution,
an aliquot of the solution is treated with H3PO3 and H2SO4. The
absorbance of the resulting solution is determined at 425 run with
the hand held spectrophotoraeter. Precalibration curves are used for
converting the observed absorbance values into ppmv of SbH3. The
arsenic content of the absorber solution is measured by an AAS
procedure at an Analytical Chemistry Laboratory.
Two experiments were performed to assess the reliability of the
mini-20 spectrophotometer for field measurements. In the first
experiment, the absorbances of three absorber solutions containing
known amounts of antimony were measured with the mini-20. The
calibration curve was used to redetermine the antimony contents of
the three solutions. The known and calculated values are shown in
Table 2. In the second experiment ten solutions (total antimony of
7.6 to 18.6 jig/ml) were analyzed by both the mini-20 and a laboratory
Cary-16 spectrophotometer. The ratio of the two determinations was
.953 _+ .047, with one set of measurements responsible for about 90%
of the error.
Table 2.

Antimony Content of Three Known Solutions
Ant imony Content, /ig/mL

Sample
Number

Known Value

Determined using
mini-20
Spectrophotometer

%
Difference

1

10.6

10.0

6.4

2

13.5

13.6

1

3

22.8

24.1

5.8

CONTROLLING EMISSIONS:
(HORD)

USE OP HYDROGEN-OXYGEN RECOMBINATION DEVICE

Design features for Hydrogen-Oxygen Recombination Devices
(HORD), for use in conjunction with load leveling lead-acid cells,
have been developed by VARTA A.G. under a subcontract with ANL.
Further, a 435 W HORD (See Figure 4) has been fabricated and tested.
Functionally the HORD can recombine stoichiometric H2-O2 with
about 97% efficiency while scavenging the charge gas of much of the
SDH3 and ASH3 content. The activated charcoal cartridge, the
scavenging component of the HORD has been tested for its efficiency
in removing SbH3 and ASH3 from battery off-gases.

717

Principle of 435W-Recombination Device

Catalyst -

activated charcoal

aerosol retainer
acid return duct-

7\

water return duct

Cell

Figure 4.
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ON-GOING TESTS FOR ELECTRIC VEHICLE DEMONSTRATION PROGRAM OF THE
DEPARTMENT OF ENERGY
The SAMFK developed at ANL is being used for collecting SbH3
and ASH3 from EV battery-off gases and from ambient-air during the
charging of lead-acid batteries. Analytical procedures detailed
previously2 will be used for determination of antimony and arsenic
in the absorber solution.
The experiments*2, currently under way, are designed to
estimate the driver and maintenance personnel exposures to be
expected from batteries used in electric vehicles. Data for invehicle, in-garage, and on-the road conditions are being collected.
The information is expected to assure the continued safe use of
lead-acid batteries in electric vehicles.
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