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FOREWORD 

The generally accepted concept for management of high level waste (HLW) 
includes three steps: solidification of liquid waste to immobilize the radionuclides; 
interim storage of conditioned waste to give time for the radionuclides to decay suffi-
ciently; underground disposal in deep geological formations to isolate the waste from 
the biosphere. Worldwide, many solidification processes and storage techniques 
have been developed and demonstrated extensively. The experience from such facili-
ties has produced much relevant data for designing current facilities. The solidifica-
tion facilities presently operated commercially apply only the vitrification process. 
One is the well known French Atelier Vitrification de Marcoule (AVM) process 
which initiated the industrial processing of highly active waste in 1978. Over the last 
decade great progress has been made in techniques for vitrification of high level 
liquid wastes in many Member States of the International Atomic Energy Agency 
(IAEA). 

The IAEA has been active in the field of high level waste processing and 
storage for many years. These activities have been discussed intensively at various 
Agency sponsored meetings since 1962. Five IAEA Technical Reports Series docu-
ments specifically on HLW solidification, storage techniques and evaluation of the 
resulting waste forms have been issued since that time: 

— Techniques for the Solidification of High-Level Wastes, Technical Reports 
Series No. 176 (1977) 

— Characteristics of Solidified High-Level Waste Products, Technical Reports 
Series No. 187 (1979) 

— Handling and Storage of Conditioned High-Level Wastes, Technical Reports 
Series No. 229 (1983) 

— Chemical Durability and Related Properties of Solidified High-Level Waste 
Forms, Technical Reports Series No. 257 (1985) 

— Design and Operation of Off-gas Cleaning Systems at High Level Liquid 
Waste Conditioning Facilities, Technical Reports Series No. 291 (1988). 

To provide an overall review as well as the details of the current HLW vitrifi-
cation and storage facilities which are in an advanced stage of implementation, the 
IAEA hosted an Advisory Group Meeting in Vienna from 22 to 26 May 1989 on the 
Design and Operation of High Level Waste Vitrification and Storage Facilities. The 
meeting was attended by 11 experts from 8 Member States. The experts discussed 
and commented on a draft report, prepared by the IAEA Secretariat and three consul-
tants on the state of the art in vitrification processes and handling procedures of glass 
canisters generally implemented in the vitrification plants. After the meeting, the 
report was revised by the IAEA Secretariat and forwarded to participants of the 



Advisory Group for final review. It is hoped that this report will be of value not only 
to those organizations already engaged in the technology but also to those who will 
be entering the field in the future. 

The IAEA wishes to express its appreciation to all those who contributed to 
the preparation of this report. In particular, acknowledgement is due to the consul-
tants C.G. Sombret (France), H. Krause (Federal Republic of Germany) and 
J. L. McElroy (United States of America), and the chairman of the Advisory Group 
Meeting, H. Lewis (United Kingdom). The officer responsible for this report at the 
IAEA was W. Baehr from the Waste Management Section of the Division of Nuclear 
Fuel Cycle and Waste Management. 

The work was completed with the assistance of V. Tsyplenkov of the same 
section. 
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1. INTRODUCTION 

At the present time, three options for dealing with the spent fuels arising from 
the operation of NPPs are considered/practised: 

(1) Reprocessing in order to recover the fissionable elements uranium and 
plutonium; 

(2) Direct disposal of the conditioned spent fuel; 
(3) Long term storage of the spent fuel awaiting a decision to be made later on the 

choice of either reprocessing or disposal. 

During reprocessing, the irradiated nuclear fuels are dissolved in acid solution 
and the plutonium and unburned uranium are removed in the chemical separation 
plant. The remaining solution, containing about 99% of the dissolved fission 
products, together with some impurities primarily from cladding materials and inac-
tive process chemicals, traces of unseparated plutonium and most of the transuranic 
(TRU) elements, constitutes the high level liquid wastes (HLLW). (The problems of 
the hulls and gaseous fission products are not covered in this report.) 

The HLLW are generally concentrated by evaporation and stored as an aque-
ous nitric acid solution in high integrity stainless steel tanks. (Neutralizing the waste 
for storage in mild steel tanks is used occasionally.) The tanks are equipped with 
cooling coils and/or an outer jacket to remove fission product decay heat. Some tanks 
are provided with agitation systems to maintain any precipitated solids in suspension. 
In most storage systems, multiple containment is provided to guard against the 
escape of activity. Spare tankage is always available into which the contents of a sus-
pect tank can be transferred. 

Experience with the storage of high level acidic wastes in stainless steel tanks 
has been good. However, the storage of liquid wastes in tanks involves continuing 
supervision to ensure that the necessary services such as cooling to remove the decay 
heat, as well as adequate off-gas treatment and tank monitoring and maintenance, are 
always available. While liquid storage is safe and acceptable for a period of some 
decades, it is necessary to replace liquid storage by an alternative system based on 
waste solidification and immobilization of the radioactivity in the long term. Such 
a system makes it possible for the waste to be transported away from the reprocessing 
site for long term storage or disposal. 

The conversion of high level wastes (HLW) into solids has been studied for 
the past 30 years, primarily in those countries engaged in the reprocessing of nuclear 
fuels. Production and demonstration calcination and solidification plants have been 
operated by using waste solutions from fuels irradiated at various burnup rates, 
depending on the reactor type. Construction of more advanced solidification 
processes is now in progress in several countries to permit the handling of high 
burnup power reactor fuel wastes. 
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Most of this development work has been reported in the literature and a num-
ber of international symposia have been held [1-6]. In addition there has been exten-
sive discussion on the problems of the management of HLW, including the problems 
of the storage and disposal of the solidified wastes in deep geological formations. 
A number of production solidification facilities are in operation or are being con-
structed to come into operation in the next few years in those countries with fuel 
reprocessing plants. The preferred solidification technique is vitrification wherein 
the HLLW are converted to borosilicate glass. 

The object of this report is to provide detailed information and references for 
those vitrification systems in advanced stages of implementation. Some less detailed 
information will be provided for previously developed immobilization systems. The 
report will examine the HLLW arising from the various locations, the features of 
each process as well as the stage of development, scale-up potential and flexibility 
of the processes. 

A separate International Atomic Energy Agency (IAEA) report [7] examines 
the characteristics of the solidified waste forms and their suitability for storage and 
disposal. Given the present state of knowledge, glasses and ceramics are considered 
suitable for final disposal. Calcines are considered as interim products. Another 
IAEA report provides details on the design and operation of off-gas cleaning systems 
at HLLW conditioning facilities [8], 

2. HLLW 

2.1. ORIGIN OF THE FUELS GENERATING HLLW 

A wide range of types of nuclear power reactors are in operation, ranging 
from the Magnox to the advanced gas cooled reactor (AGR), light water cooled 
reactors (BWRs and PWRs), graphite or heavy water moderated and CANDU 
type reactors, high temperature reactors (HTRs) and ultimately fast breeder reactors 
(FBRs). Although in the future, it will be mostly LWRs that will be in operation, 
some wastes from other reactor types will continue to arise and will also have to be 
solidified. 

The burnup of the fuels has gradually increased up to 40 000-45 000 MW-d/t 
for LWRs and up to more than 100 000 MW-d/t for fast reactors and HTRs. In addi-
tion to the metallic and oxide fuels used for the majority of the power reactors, a 
number of alloy fuels are used in special reactors such as: 

— Enriched uranium/aluminium alloy 
— Plutonium/aluminium alloy 
— Uranium/1% molybdenum alloy 
— Uranium/zirconium alloy. 
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The fission product spectrum can be calculated for each type of reactor and 
operating condition, and allowance can be made for the different spectra of fission 
yields from uranium and plutonium fuel. However, these differences are generally 
small and the chemical processing can have a far wider effect on the composition 
of the HLW solutions. 

TABLE I. TYPICAL COMPUTED DATA FOR FISSION 
PRODUCT SPECTRUM FROM LWR SPENT FUEL 
(Burnup 33 000 MW-d/t) 

. , , Amount of oxide 
Fission product element 

(g/L) 

Rb 1.02 

Sr 2.87 

Y 1.60 

Zr 13.92 

Mo 14.87 

Tc 2.91 

Ru 8.37 

Rh 1.29 

Pd 4 .07 

Ag/Cd/In/Sn/Sb/Se 0 .63 

Te 1.99 

Cs 8.54 

Ba 4 .96 

La 4 .13 

Ce 8 .20 

Pr 3.85 

Nd 13.16 

Pm 0 .22 

Sm 2.45 

Eu 0 .63 
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2.2. CONSTITUTIONS OF HLW SOLUTIONS 

2.2.1. Fission products 

Typical computed data for the fission product spectrum from an LWR fuel with 
a burnup of 33 000 MW-d/t and rating of 30 MW/t in a solution concentrated to 
380 L/t fuel processed are given in Table I. The figures are given as the number of 
grams oxide of each litre of solution. The liquid metal fast breeder reactor (LMFBR) 
fuels show higher concentrations of ruthenium, palladium and caesium and lower 
concentrations of zirconium and molybdenum owing to the shift in the fission yield 
curve for plutonium compared with uranium. The HTR fuels show minor changes 
due to the use of thorium instead of uranium. (The LMFBR and the thorium cycle 
are not considered further in this report.) 

2.2.2. Unextracted uranium and plutonium 

Although the basic objective of the chemical separation plant is in general to 
remove the uranium and plutonium from the dissolved fuel solution for subsequent 
reuse, the separation can never be perfect and some unextracted uranium and pluto-
nium will end up with the fission products in the waste solution. In some cases ura-
nium is not separated from the waste. 

2.2.3. TRU elements 

The TRU elements neptunium, americium and curium are formed by neutron 
capture. The amounts formed are small in the low burnup fuels, particularly curium, 
but the yields become significant as the burnup increases in fast reactors and when 
plutonium is used as fuel, particularly when the high isotopes of plutonium (240Pu, 
241 Pu and 242Pu) are recycled in fast reactors. These elements are of particular con-
cern in long term waste management because their half-lives are very long. 

2.2.4. Fuel alloying elements 

Some of the fuels, particularly uranium metal, require the addition of alloying 
elements such as iron, aluminium, silicon and molybdenum in quantities ranging up 
to 1%. When the fuels are dissolved and processed, these elements remain with the 
fission products and end up in the waste solution. 

The Materials Testing Reactors (MTRs) are usually loaded with enriched ura-
nium alloy or plutonium alloy fuel. In such cases, aluminium or zirconium are often 
used as the alloying elements and these will constitute 95% of the fuel. This fuel is 
processed in special separation plants, and the waste solution will be made up largely 
of these elements. 
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2.2.5. Corrosion products 

The processing plants are normally constructed from stainless steel. As minor 
corrosion of the inner surfaces takes place, the solutions will contain primarily iron, 
chromium and nickel from corrosion. 

2.2.6. Contamination from fuel cans 

Some irradiated fuel elements are decanned mechanically. Inevitably, traces of 
the canning material adhere to the fuel, pass into the dissolver and end up in the waste 
solution. A particular example of such contamination is the magnesium in the waste 
solution from the United Kingdom Atomic Energy Authority (UKAEA) Sellafield 
reprocessing plant, which arises from traces of the Magnox fuel adhering to the 
irradiated uranium and not stripped in the mechanical decanner. Metallic fines from 
the shearing machine and the canning material (e.g. Zircaloy) are also produced. In 
certain processes, the cladding (e.g. aluminium) is co-dissolved with the fuel, or 
chemically stripped and then added to the waste solution. 

2.2.7. Additives from chemical reprocessing and neutralization 

Many of the early reprocessing plants required the use of chemical additives 
for neutralization, catalysis or redox control. These additives went into the waste 
solution. The most notable additives which might be found in the solution are 
sodium, iron and sulphate. Some fluorine or mercury also arise in certain processes. 
For some reprocessing plants, the acidic HLLW were neutralized to permit storage 
in carbon steel tanks. Modern reprocessing plants using the Purex process avoid the 
use of any chemical additives, other than nitric acid, which could end up in the waste 
solution. The introduction of certain impurities such as chloride should be 
minimized. 

2.2.8. Soluble poisons 

The chemical processing of enriched fuels requires either the use of criticality 
safe equipment or the addition of soluble poison to the solutions so that they can 
never become critical. The two most common soluble poisons being considered at 
present are gadolinium and boron. The concentrations of both of these poisons could 
be high enough to significantly effect the solidification processes. 

2.2.9. Organic impurities 

The waste solution may contain organic materials such as the degradation 
product dibutylphosphoric acid and monobutylphosphoric acid which are dissolved 

5 



TABLE II. ACTUAL COMPOSITIONS OF HLLW (IN FEED TO WASTE 
TREATMENT PLANT, g/L, IF NOT INDICATED OTHERWISE) AT LOCA-
TIONS IN THE USA AND JAPAN 

U S A Japan 

Component 
Savannah River 

s e 

Hanford 

W A 

West Valley 

N Y 

Idaho Falls3 

ID 
Tokai 

H + 2 .5M 

Al 7 .7 1.5 3 . 9 4 . 2 — 

Na 5 . 9 4.1 10.3 3.1 44 .5 

K 0 .3 — 0 .1 0;9 

Mg 0 . 2 0 . 0 0 .3 

Fe 29 .7 6.1 20 .6 — 8.4 

Ni 2 .8 0 . 6 0 .5 — 2 .2 

Cr 0 .3 0.1 0 . 3 — 2 .2 

M o 0 . 2 0 . 2 — — — 

Zr 0 . 6 3 .4 0 . 4 11.4 — 

Hg 1.8 — • — — 

Cl 0 . 9 0.1 0 . 0 — — 

S 0 4 0 .8 0 . 2 1.1 2 . 6 — 

N O 3 4 . 2 2 .8 20 .6 10-15 — 

FPs < 3 < 2 . 5 < 1 . 5 < 1 4 9 

Other 27 .2 4 .3 22 .7 50 .3 b 0 .8 

TRU < 0 . 1 5 < 0 . 0 5 < 0 . 1 5 < 0 .1 12.6 

Sludge + 
precipitate 
hydrolysis 
streams 

NCAW C 

stream 
P U R E X + 
THOREX 

streáms 

Projected 
fluorinel 
+ Na calcine 
streams 

a Values are wt% solids, dry basis. 
b Principally fluorine and calcium. 
c Neutralized current acid waste. 
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TABLE III. ACTUAL COMPOSITION OF HLLW (IN FEED TO WASTE 
TREATMENT PLANT, g/L, IF NOT INDICATED OTHERWISE) AT SITES IN 
CHINA, ITALY AND FRANCE 

China Italy France 

Component 
Lanchow Sal lupia Marcoule 

La Hague 

MTR Sicral 1 Sicral 2 

La Hague 

H + 1-2M 1.34 M - 1 . 8 M " 1 .5-2 .0M 1.0-1 .5 M 2 .0M 

Al 4 . 1 7 - 4 . 9 0 20 .4 81.0 30-35 10-12 — 

Na 28 .54-33 .22 — 2 - 3 19-23 2 - 5 — 

K 0 .50 -0 .66 — — — — — 

Mg — — 4 3 — 

Fe 1 2 . « 14.47 0.6 1 -2 15-17 8 20 .0 

Ni 2 .74 -2 .97 — — 1 - 2 1 3 .2 

Cr 1 .18-1 .30 — — 1 - 2 1 3.4 

Mo 0 .65-0 .68 — — — — — 

Zr 0.73 — — — — — 

Hg 

Cl 
so4 

— 1.0 — — — — Hg 

Cl 
so4 4 .55 -5 .07 0 .6 — — — — 

N O 3 

Otherb 
— — — — — 1.2 

FPs 2 .68-2 .75 negl. negl. 22 -27 37-42 87.0 

TRU 16.10-19.60 negl. negl. 3 1.5 5.1 

F — 8 - 1 2 8 5 — 

8 Depleted. 
b < 0 . 5 g /L for each element. 

in the solution, as well as kerosene and tributylphosphate, present as emulsions. 
These components, if present in significant amounts, could cause difficulties during 
the subsequent process steps. 

Table II presents a survey on the composition of HLLW in storage at various 
sites in the USA and Japan. 
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TABLE IV. ACTUAL COMPOSITIONS OF HLLW (IN FEED TO WASTE 
TREATMENT PLANT, g/L, IF NOT INDICATED OTHERWISE) AT SITES IN 
SEVERAL COUNTRIES 

Component 

United Kingdom 
Sellafield 

Belgium" Germany 

Indiab Component 
Magnox THORP LEWC c d HEWC e HAWC-WAK 

Indiab 

H + 1M 2M 2.3 0.5 5 .3 3 .64 

Al 26 — 9.2 44 .0 0 .2 — 

Na 0.1 45 .9 1.9 16.0 6 .60 

K — — — 0 .4 0 .22 

Mg 20 40 — — 0.3 0 .2 — 

Fe 13 3 - 5 22.0 1.3 5 .2 0 .48 

Ni 1.4 — 6.3 0 .03 1.2 0.11 

Cr 1.6 — 3.5 0.1 1.3 0 .12 

Mn — 7.3 — 0.17 0 .42 

Mo 10.8 18.3 — — — — 

Zr 11.8 20.1 — — — — 

Hg — — — 2.8 — — 

F — — 14.1 — 0 .06 — 

Cl — — — — 0.04 — 

so4 — 0.02 12.2 3.2 — 0.47M 

NOj ~ 11M — 4.06M 

Otherf 0.4 0 .12 2.1 — 

P 0 4 1.9 0.5 2 .5M 

FPs 36.5 0.53 40 .5 1.09 

Te 0 .8 4 .8 — 

TRU - 2 4 .5 1.7 0 .12 6 .86 7.62« 

a Former Eurochemic plant. 
b Elemental basis, except S 0 4 , P 0 4 and N 0 3 . 
c Tank 253- lb . 
d LEWC already vitrified. 
e Tank 540-12. 
f < 0 . 5 g/L for each element. 
g Including uranium. 
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TABLE V. VOLUMES OF HLLW CONCENTRATE IN STORAGE AS OF 
MAY 1989 

Type of waste 
Volume 

Country Plant/site Type of waste 
(m3) 

Belgium Eurochemic Acidic 380 
Belgoprocess 

France La Hague Acidic 1000 

Marcoule Acidic 0 a 

Federal Republic of Germany WAK Acidic 80 
Karlsruhe 

India Tarapur Acidic (b) 
Italy Saluggia Acidic 100 

Japan Tokai Acidic 400 

UK Sellafield Acidic 1300 

USA Hanford Neutralized 1.0 x 1 0 5 c 

West Valley Neutralized 2100 

West Valley Acidic 37 

Savannah River Neutralized 1.0 x 1 0 5 c 

Idaho Falls Acidic 7600" 

* Vitrified immediately. 
b Varying as the storage is interim. 
c Waste is separated into approximately 10% HLLW for vitrification and 90% LLW for 

cementation. 
d Continuously calcined. 

2.3. WASTE SOLUTION VOLUMES AND LOCATION 

Depending upon the details of the primary extraction step, the waste solution 
arising from the first cycle or extraction is usually fairly diluted (typically 5 m3 of 
solution/t fuel processed). This solution is normally evaporated to reduce its volume; 
the volume reduction factors depend critically upon the many elements that may be 
present in the solution with the fission products. In some cases, the volume reduction 
factor may be less than tenfold if the solutions are near saturation in one or more 
components. In other cases, the volume reduction factor can be in the range 70-100, 
depending upon the burnup and cooling period, the heat release from the solution, 
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and the heat removal means in storage. In the design of some of the present highly 
active liquor storage tanks, provision is made for precipitated solids to be kept in 
suspension in the tank. 

Tables III and IV present a survey on the composition of HLLW which are in 
storage at present at various sites in several countries, and Table V shows the 
volumes of HLLW concentrate. 

3. SOLIDIFICATION PROCESSES 

The main topic of this report, HLLW vitrification, will be covered in 
Sections 3 and 4. In Section 3, the earlier developed processes that have been previ-
ously described in detail in Ref. [2] will be only briefly mentioned. Section 3 also 
briefly describes the Idaho calcination process which has been converting HLLW to 
an interim calcine product since 1963. Also reviewed are the ongoing activities 
associated with developing a ceramic waste form. 

3.1. PREVIOUSLY DEVELOPED VITRIFICATION PROCESSES 

Some processes which have already been demonstrated in the past are currently 
suspended for various reasons. The operation of the facilities implementing these 
processes nevertheless has produced relevant data which have been used in some 
cases for designing current facilities. 

3.1.1. The Atomic Energy of Canada Ltd Chalk River process 

At the Chalk River facility, glass was made by melting a gel mixture composed 
of lime, nepheline, syenite and the fission product solution. Radioactive blocks of 
glass were produced between 1958 and 1960. 

3.1.2. The UKAEA Harwell FINGAL process 

The technique involved the so-called pot vitrification. Radioactive solution and 
glass forming chemicals were introduced into a metallic pot heated by an electric 
resistance furnace. The pots were disposable and used afterwards as canisters. 
From 1962 to 1966 the FINGAL operation produced 72 radioactive canisters 
(2.44 PBq). A scaled-up and modified process based on the FINGAL pot vitrification 
technique, called HARVEST, had been experimented on using non-radioactive 
conditions. Its development was stopped, however, in 1980. 
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3.1.3. The PIVER process (Marcoule, France) 

The PIVER technique was to some extent similar to the FINGAL process, but 
in the French method the metallic pot was heated by induction and was reusable for 
30 operations. The glass was poured batchwise into a canister containing 90 kg of 
the glass. From 1969 to 1973 PIVER fabricated 164 glass blocks made from fully 
radioactive solutions generated by the UP1 plant in Marcoule (185 PBq). Operation 
was resumed in 1979 to vitrify 4 m3 of concentrated fission product solution 
generated by the reprocessing of FBR fuels (444 PBq). In 1989 PIVER began 
dismantling operations. 

3.1.4. Chinese batch vitrification process 

In the late 1970s Chinese research work began on the vitrification of HLLW. 
The technique was similar to the PIVER process and the R&D involved basic 
research and studies. In addition, a cold facility at small scale was constructed in the 
early 1980s. In 1986, this facility was operated successfully for 30 runs. The total 
operation time amounted to 438 hours and 134.5 kg of inactive waste glass were 
produced. The experience gained from the test was very useful for future work. 

However, owing to the limited throughput capacity of the batch process, it was 
given up at the end of 1985 in order to replace it with a continuous process. 

3.1.5. ESTER process (Italy) 

Developed at the Commission of the European Communities (CEC) Joint 
Research Centre at Ispra, the ESTER process was also based on a pot vitrification 
process: red phosphorous was added to the glass forming material to minimize 
ruthenium volatilization. This process was progressively given up in the 1970s owing 
to the development of an improved process based on the same technique. It was 
implemented in Saluggia and has been tested in non-radioactive conditions since 
1980 (IVET-1 facility, i.e. non-radioactive vitrification plant). Further development 
of this method, however,, is uncertain. 

3.1.6. Spray calciner/in-can melter and waste solidification engineering 
prototype (WSEP) processes (USA) 

Several solidification processes were developed in the USA and then evaluated 
with radioactive waste in the late 1960s. This programme, known as the WSEP 
programme, included the Oak Ridge National Laboratory pot calcination and rising 
level glass processes, the Brookhaven National Laboratory phosphate glass process, 
and the Hanford Engineering Development Laboratory spray calciner/continuous 
melter and spray calciner in-can melter processes [9]. During a 5 year period, 
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approximately 1.85 EBq of radioactivity were solidified in 33 containers. The solidi-
fied products included pot calcine, phosphate ceramic, phosphate glass and borosili-
cate glass. In the USA, this testing culminated in the selection of the spray calciner 
coupled with an in-can melter to produce borosilicate glass. In this two stage system, 
liquid waste was atomized, flash dried and denitrated to a calcine at 700°C in a spray 
calciner. Sintered stainless steel filters were incorporated to prevent calcine particles 
from leaving with the off-gases. The calcine dropped directly into the heated stainless 
steel receiver container and a borosilicate glass frit was added simultaneously to the 
heated container to form a borosilicate glass product. During the 1970s, this process 
was demonstrated with non-radioactive simulants at Hanford and at the Savannah 
River Laboratory with canisters 60 cm in diameter and 300 cm high. During the late 
1970s this process was again demonstrated in the same WSEP facility with HLLW 
from reprocessed LWR spent fuel. During this campaign 13.7 PBq of radioactivity 
from 20 000 and 29 000 MW • d/t spent fuel was vitrified in containers 20 cm in 
diameter and approximately 245 cm high [10]. 

3.1.7. Early vitrification work in the Federal Republic of Germany 

Several technical processes were investigated in the 1970s at the Karlsruhe 
Nuclear Research Centre (KfK). A system comprised of a spray calciner and a metal-
lic melter and the combination of a spray calciner with a ceramic melter were tested 
(VERA process). Gelsenberg AG developed a vitrification process at Jülich where 
phosphate glass beads were produced in a ceramic melter. The beads were then 
embedded in molten lead in a metal canister. 

In addition, the FIPS process was developed for the solidification of fission 
product solutions arising from the reprocessing of LWR as well as high temperature 
gas cooled reactor (HTGR) fuel elements. The waste solution is first concentrated 
and denitrated by using formaldehyde. The waste concentrate is then mixed with 
glass forming additives or with glass frit. The resulting suspension is pumped to a 
drum drier. A blade scrapes off the dried material, which falls down into a melter. 

The plant had a throughput of 1 kg glass/h. In a hot cell facility, 10 kg of highly 
active glass with a total activity of 1.3 PBq and 23 kg with 0.15 PBq were produced 
in the years 1974-1976 and 1985-1987, respectively. 

3.1.8. Early vitrification work in the former USSR 

In the 1970s, a two stage KS-KT-100 process was investigated for phosphate 
vitrification of liquid waste, involving the fluid bed calcination followed by melting 
of the calcinate in a ceramic crucible with 4.5 MHz direct induction heating. The 
calcination temperature was 350-400°C, with a fluidization rate of 1.5 m/s. 

The capacity of the plant for the initial solution was 100 L/h; for the evaporated 
solution it was 65 L/h, and for the glass 20 kg/h. The addition of molasses to a solu-
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tion (150 g/L) made it possible to decompose and distil 40% of the nitrate ion during 
evaporation. The decontamination factor of the off-gas system ranged from 107 to 
1 0 9 . 

During inactive operation (total time 1200 h) the plant solidified 42.5 m3 of 
solutions and produced 5685 kg of phosphate glass. Owing to some technical 
difficulties, however, further development was stopped [11], 

3.2 OTHER PROCESSES 

3.2.1. Idaho fluidized bed calcination 

Since 1963, all the HLLW from the US Idaho Chemical Corp. Processing 
Plant (ICPP) have been solidified by fluidized bed calcination. From 1963 until 1981, 
the original waste calcining facility (WCF) converted more than 16 million L of 
liquid waste into about 2180 m3 of calcine. In the WCF, liquid waste was sprayed 
into the fluidized bed at a rate of approximately 375 L/h. The bed was maintained 
at 400-500°C using in-bed combustion of kerosene. The bed height was maintained 
at a constant level above the feedspray nozzles by adjusting the rate of product 
withdrawal. 

The calcined product consisted largely of oxides of aluminium, boron, zirco-
nium, stainless steel, oxides of fission products and CaF2. The calcine particles 
were transferred pneumatically to storage bins located within near surface storage 
vaults. Each bin was 3 m in diameter and 12 to 18 m high. 

A new waste calcining facility (NWCF) replaced the WCF and began operation 
in 1982 [12]. The design of the NWCF incorporated remotable concepts for opera-
tion and maintenance (the WCF was contact maintained); the throughput capacity 
was designed to exceed the projected generation rate of HLLW for the long range 
future. Between 1982 and 1986 the NWCF calcined about 5700 m3 of waste, 
thereby achieving a volume reduction of about 8 to 1. 

The calcine bin storage system has a design life of 500 years; however, studies 
are under way for the further immobilization of the calcine into a waste form that 
can be disposed of permanently. At present, conversion to a high waste loading glass 
ceramic appears to be favoured because the large quantity of inert chemicals in the 
calcine leads to an excessive number of canisters if the calcine is converted to 
borosilicate glass [13]. 

3.2.2. Conversion to ceramics or crystalline materials 

In some laboratories, development work is being carried out on the immobili-
zation of HLW and/or TRU wastes into ceramics. The basic idea of these processes 
is to produce waste forms in which the waste components are either bound isomor-
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phically in mineral phases or embedded as highly insoluble, finely dispersed particles 
in the ceramic matrix. 

The best known of these processes is the SYNROC [14-16] process. Here, the 
waste solution is mixed with a precursor composed of Ti02 , Zr02 , A1203, CaO and 
BaO and then dried and calcined for 90 min at temperatures up to 750° C in a reduc-
ing atmosphere (3.5% H2/N2). After that, the calcine is blended with finely pow-
dered titanium, filled into bellows, cold pressed and finally hot pressed at 1200°C 
and 15 MPa. The cooled bellows are then loaded into canisters. 

The final SYNROC waste form consists of the titanates hollandite, zirconolite, 
perovskite and Ti02 . The hollandite (BaAl2Ti6016) mainly fixes the fission products 
and some process chemicals, whereas the actinides and rare earth elements are 
expected to be bound in zirconolite (CaZrTi207) and perovskite (CaTi03). 

The investigations carried out so far show a rather high leach and radiation 
resistance of the matrix. The quality levels of the mechanical and thermal properties 
are good. 

At KfK, another ceramic immobilization process is being investigated. A mix-
ture of HLLW, the sludges resulting from the chemical precipitation of different 
actinide bearing liquid wastes and actinide bearing ashes are being mixed with 
aluminium silicate, the basic ceramic raw material, in a mixer-extruder. The result-
ing precompacted paste type product is then dried and sintered at 1300°C. If pellets 
are produced, they are filled into canisters where the free space is filled up with 
glass. Investigations are also being conducted for isostatic hot pressing without 
fillers, which at the same time leads to a virtually pore free product, a lowering of 
the sintering temperature by about 150°C and an intense binding of waste form and 
waste container [17-20]. 

Most of the radionuclides are fixed in crystal forms such as alkali, alkali 
earth-aluminates and alumosilicates, e.g. from the feldspar, feldspathoide mag-
netoplumbite and sodalithe type in solid solution, whereas the TRU oxides and the 
noble metals are dispersed in the ceramic matrix as highly insoluble, fine particles. 
The product properties are rather good though the technical process is at an early 
stage of development. 

At the Oak Ridge National Laboratory, a process is being investigated to fix 
TRU elements in synthetic minerals such as rare earth phosphates. These compounds 
as monazite sands have proven their high leach resistance and radiation stability over 
very long periods of time [21], 

The practical problem with these processes is that most TRU bearing wastes 
contain, besides the TRU, a large amount of process chemicals. For obtaining 
optimal waste forms, the latter should be separated from the TRU prior to their 
incorporation into the ceramics. 

Developments on the ceramic waste form have been made to find a suitable 
composition for the solidification of HLLW from LWR fuel reprocessing at the 
Power Reactor and Nuclear Fuel Development Corporation (PNC), in Japan. The 
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promising ceramic waste compositions were found in the diopside (5 Si02g/L 
Al203-Fe203) system as the glass ceramic and in nepheline (SÍO2-AI2O3-R2O-RO) 
as the sintered ceramic. 

Both the sintering and the melt/crystallization methods were investigated as the 
production methods. Further development is still being continued at a laboratory 
scale to achieve higher waste content ceramic using high temperature furnace and 
hot pressing. 

At the Idaho facility, a glass-ceramic waste form is being studied as a potential 
alternative to vitrification, in order to reduce substantially the volume of HLW that 
must be disposed of in a deep geological repository. The process includes calcination 
of the HLLW, followed by mixing with additives and densification in a hot isostatic 
press to form the glass-ceramic product. Laboratory tests have shown that simulated 
Idaho HLLW can be processed into ceramic-based forms with high waste loadings 
of 50 to 70 wt% and densities above 3.0 g/cm3. Crystalline phases consisting of 
fluorite, calcium stabilized zirconica and zircon, along with an aluminoborosilicate 
glass phase, are formed to contain the radionuclides. The durability of the glass-
ceramic, using standard leaching tests, is similar to borosilicate glass [13]. 

In the former USSR, a process is being developed to fix the radioactive waste 
(including TRUs) into glass ceramic and synthetic mineral-like crystalline material 
such as pyroxenes, pyrosilicates, titanates, titanosilicates and borosilicates [22], This 
technique, which uses a water cooled induction (high frequency) melter for continu-
ous operation, is considered as an alternative to a batch process, using hot pressing. 

4. CURRENT VITRIFICATION PROCESSES 

Several technologies have evolved for the conversion of HLLW to borosilicate 
glass. These are the rotary calciner/metallic melter, the liquid or slurry fed ceramic 
melter, and the metallic pot vitrification processes. This section will provide infor-
mation about the various international projects that are either currently using these 
technologies or planning to use the technologies. To the extent possible, these 
projects will be described in the chronological sequence in which they either have 
occurred or will occur. 

4.1. ROTARY KILN AND METALLIC MELTER SYSTEM 

This continuous two stage process has been under development in France since 
1968 [23, 24], It involves calcining the solution in a rotary calciner which feeds a 
metallic melter into which glass formers in a form of primary glass (frit) are 
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FIG. 1. Schematic flow sheet of the French continuous two stage process (FP — fission 
product). 

introduced simultaneously (Fig. 1). The vitrification line is equipped with two fis-
sion product (FP) solution feeding tanks, used alternatively for the preparation and 
feeding. The feeding flow rate is controlled with a rotary wheel, which is fed by 
means of a double-stage air lift. 

The melter is composed of a metallic pot heated by induction. Glass pouring 
is triggered by heating a pouring nozzle with a specific induction heater. This opera-
tion continues until the decreasing glass level inside the pot reaches the upper level 
of the nozzle, so that the pouring stops by itself. As a siphon device is fitted to the 
nozzle, there is no disruption of the tightness between the inner and outer atmosphere 
of the pot. When the heating of the nozzle is switched off, a solid glass plug is formed 
at this particular location. The poured glass is cast in a metallic canister which is 
weighed during the casting. After filling, the canister is provided with a lid which 
is welded in place. The canister is then externally decontaminated and sent to the 
interim storage facility. Four vitrification plants are implemented with this process. 
Three of them, the Atelier Vitrification de Marcoule (AVM), as well as the vitrifica-
tion plants R7 and T7 are located in France. The fourth facility, WVP, was built at 
Sellafield, UK. 
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4.1.1. The vitrification plant AVM at Marcoule (France) 

The AVM facility, situated at Marcoule, is linked to the UP1 reprocessing 
plant. Its goal is to convert the Marcoule HLLW into a borosilicate glass [25, 26]. 
The calciner consists of a tube 27 cm i.d. and 3.6 m long, inclined at 3% and rotated 
at 30 rev/min. The tube is supported at each end by roller bearings. Special airtight 
seals located at each end allow longitudinal expansion of the tube and ensure the 
tightness (Fig. 2). The waste is fed by gravity from the metering wheel into the upper 
part of the calciner and the calcine product is discharged from the lower end directly 
into the melter. 

The metering wheel vessel is fed by a double airlift from a tank located in the 
basement. There are two tanks involved. When one is emptying, the other is sub-
jected to radiochemical and chemical analysis in order to adjust the composition by 
adding chemicals if necessary (the composition of the frit and the final glass being 
always kept constant). A rabble bar inside the tube prevents any possible caking (e.g. 
in the case of calcining high Na content liquids). The tube is heated externally by 
an electric resistance furnace divided into four zones. The first two zones, which are 
devoted to the evaporation, have a heating capacity of 20 kW each; each of the last 
two has a capacity of 10 kW. The average processing time is about 4 min which 
helps to minimize volatilization. The rotary calciner made of Uranus 65 (French 
standard = Z2 CNNb 25-20) has a nominal capacity of 40 L/h. The waste solution 
flow rate is normally 36 L/h with 2 L/h of a solution of azodicarbonamide which 
assists the calcination process, but does not leave any residue in the final product. 
The outlet from the rotary calciner is connected to the melter. The calcined products 
flow by gravity into the melter, which is an Inconel 601 pot heated by medium fre-
quency induction (100 kW/10 kHz). The pot is 35 cm in diameter and 1 m high; it 
is heated at 1150°C. A freeze valve fitted at the bottom of the vessel permits the glass 
pouring. This freeze valve has its own induction system and the upper part of the 
drain tube opens to the siphon to maintain the airtightness between the inside pot and 
the outside atmosphere. 

In addition to the calcined products, the melter is fed with glass frit in the form 
of small flakes. Both the products and the glass frit react with the molten glass 
located in the pot. During glass forming, the calciner and melter feedings are not 
interrupted. The melter throughput is about 15 kg/h (Fig. 3). 

The off-gasses generated in the melter and in the calciner are exhausted 
through the calciner and treated at first in a hot scrubber which traps the entrained 
particles and dissolves them in a continuous flow of boiling nitric acid. The resulting 
solution'is recycled continuously back to the calciner at a 2 L/h flow rate (so that 
the total liquid flow rate injected into the calciner is 40 L/h). Then the off-gases are 
processed successively by a condenser (in which a fraction of the nitrous vapours 
are recombined), two absorption columns and filters. The gases are then discharged 
to the ventilation system. Recombined acid from off-gas treatment is recycled to a 
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FIG. 2. A VM calciner. 



FIG. 3. AVM melter. 
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point upstream of the fission product concentration unit in the UP1 reprocessing 
plant. 

Every 8 h the glass is poured into a refractory stainless steel canister preheated 
to 500°C. Each canister is filled with three 120 kg pours so that the daily release 
of the facility is one canister containing about 360 kg of glass. 

When a canister is filled, it is sealed with a lid by automatic plasma arc welding 
and is decontaminated with water sprayed at a pressure of 250 bar. It is then trans-
ferred under biological shielding to a ventilated pit in the interim storage facility 
adjacent to the AVM. 

The facility is built around a vitrification hot cell containing all of the equip-
ment for the FP solution feed, calcination, melting, glass pouring and glass canister 
lid welding systems as well as the first elements of the off-gas treatment equipment 
(scrubber and condenser). 

External decontamination of the glass canisters and solid waste containers is 
performed in a separate cell. Surrounding rooms contain auxiliary equipment for 
additive preparation and feeding, ventilation, internal cooling circuit, control and 
instrumentation, etc. 

All mechanical and fabricated equipment in the vitrification cell is designed for 
remote assembly and disassembly by means of a 20 kN overhead crane as well as 
by specific tools which are placed in the correct position by master-slave manipula-
tors. Piping connections between components and auxiliary systems are achieved, in 
the case of radioactive-fluid lines, by capstan sleeves that are tightened (to a defined 
torque) and untightened by remotely controlled electric tools. In the case of other 
fluid lines, the connections are ensured by flexible piping with appropriate end-
fittings. Replacement components are introduced by the overhead crane from its 
parking area outside the cell. All dimensions are checked beforehand to ensure per-
fect interchangeability, using special templates for large items. These templates are 
themselves checked from time to time by photogrammetry. 

Replaced components are dismantled, cut up if necessary in the vitrification 
cell itself and, if possible, decontaminated with reagents in a special tank. The com-
ponents are then disposed of according to their level of radiation, either packaged 
within the cell in containers identical to the glass canisters and transferred to the 
interim glass storage facility (for the purpose of a future melting) or transferred to 
the overhead crane parking area in shielded containers for later encapsulation in con-
crete. 

Hot operation began at the AVM in 1978. In September 1987, as the operation 
had already vitrified the total Marcoule HLW backlog, it was shut off for one year 
and then resumed operation in September 1988 (Fig. 4). 

By 30 June, 1989, the facility had converted into glass 1300 m3 of FIPS with 
a total of about 9.25 x 1018 Bq. A total of 1665 canisters containing approximately 
540 t of borosilicate glass have been produced, representing a volume reduction 
factor of between 5 and 6. 
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FIG. 4. A VM plant. 

This long operating experience has supplied valuable information concerning 

the process , technologies , maintenance and safety as listed be low: 

(a) The A V M process itself has g iven total satisfaction and evolved only very 
slightly s ince its initial development. 

(b) Decontamination factors (DFs ) are 6 x 10 7 for 1 0 6Ru and 3 X 10 8 for 1 3 7Cs. 
(c) Average service life of mechanical and fabricated components subject to corro-

sion or wearing is equal or higher than expected. The service life of the melting 
pot which was 2 0 0 0 h during the first 2 years has been extended to 6 0 0 0 h. 
The service l i fe of calciner subassemblies estimated at 10 0 0 0 h was realized 
and the life of the calciner tube itself has even been pushed to up to 2 4 0 0 0 h 
before replacement. 

It must be noted, however , that the loss of conf inement during the replacement 
o f components and the dismantling (e .g . cutting-up) of replaced components have 
progressively spread contamination throughout the vitrification cell . This has led to 
external contamination of glass canisters and hence the need for repeated washing. 
The vo lume o f high level solid engineering wastes (exclusively metallic) owing to 
component replacement and other maintenance operation is between 5 and 6% o f the 
produced vo lume o f glass. 
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The vitrification process and the AVM as a whole appeared to be very safe for 
both workers and for the environment. The actual dose to the 27 members of the 
operating staff is virtually zero. The gaseous release is around 30 MBq/a (800 
mCi/a) and represents a very low percentage of the Marcoule authorized discharge 
limits. 

The liquid release is about 7.4 TBq/a (200 Ci/a). After treatment in the LLW 
treatment unit at the site, this value was reduced to 74 GBq/a (2 Ci/a) which is also 
a low percentage of the authorized amount. 

4.1.2. The vitrification plant R7 at La Hague (France) 

The vitrification facility R7 located at La Hague is linked to the UP2 reprocess-
ing plant designed for a capacity of 800 t of LWR spent fuel per year. The construc-
tion of R7 was completed in 1988. 

The R7 process is the same as that described above for AVM. The only change 
is in the use of a different calcination additive (which in this case is sugar) that is 
added in the line upstream from the calciner for the purpose of decreasing ruthenium 
volatilization [26, 27], 

The main process components have been scaled up from those of the AVM. 
On the other hand, R7 houses three parallel vitrification lines. Each line is able to 
cope with a liquid flow rate of up to 60 L/h and a glass throughput of up to 30 kg/h. 
Two of the vitrification lines normally operate continuously with the third on 
stand-by. 

The scale-up of the equipment led to a larger calciner. The tube is 33 cm i.d. 
and 4.1 m long (heated length 3 m). It is also made of Uranus 65, rotating at 
20 rev/min. Electric power of the calcination furnace is 114 kW. The furnace is also 
composed of four heating zones. 

The melter has also been enlarged. The pot is ovoid (long axis: 1 m, short axis: 
0.35 m, total height: 1.39 m, thickness: 10 mm) (Fig. 5) and is made of Inconel 601. 
There are two drain tubes located at the bottom: one equipped with an internal siphon 
for normal pouring and one for the complete drainage of the pot. The total power 
of the furnace is 190 kW and the frequency is 4 kHz. 

Aside from capacity upscaling in comparison to the AVM, design differences 
have been made concerning essentially the layout (Fig. 6), the maintenance technolo-
gies and control system architecture. 

The central objective of the R7 layout was to minimize the volume of high level 
solid engineering wastes and liquid effluent produced during the operation and main-
tenance of a vitrification unit. Thus there are separate cells for: 

— Calcination, vitrification and off-gas treatment, 
— Glass pouring, 
— Dismantling of replaced equipment. 
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FIG. 5. R7 ovoid melter (as well as T7 and WVP); cross-section along the long axis. 

In each vitrification line, the metering wheel for active solution feeding, the 
calciner, the melter and the two first off-gas treatment units (scrubber and condenser) 
are housed in the vitrification cell. 

The glass pouring cell, which contains the three pouring stations, is separated 
from the vitrification cells to avoid contamination of the glass canisters. 
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FIG. 6. R7 layout. 

After filling by two 200 kg pours (one pour every 8 hours) each canister is 
transferred to another cell for: 

(i) Cooling by natural convection in a metal shroud to limit glass fracturing, 
(ii) Plasma arc welding of the lid, 

(iii) Non-contamination inspection of the entire external surface by a wipe test 
robot. 

Non-contaminated canisters (i.e. with surface contamination less than 
0.37 MBq/m2) are then transferred under biological shielding to a pit in the interim 
storage facility. Contaminated canisters are washed by high pressurized water in a 
decontamination tank and then inspected again by an identical robot, but in a differ-
ent cell. 

Solid engineering wastes produced during component replacement and main-
tenance operations are transferred to a dismantling cell for: 

24 



FIG. 7. Aerial view of the R7 facility. 

(1) Size reduction by sawing and shearing; 
(2) Decontamination in a reagent tank when necessary according to the level of 

activity, either transferring out o f the vitrification unit in a special overpack 
or packaging in containers identical to the glass canisters; after decontamina-
tion and verification o f outer surface non-contamination, transfer to the interim 
storage facility. 

The maintenance principles validated at A V M (overhead crane, master-s lave 
manipulators and remote controlled tools) have been carried over to the R7 facility 
with some improvements: 

(a) The overhead crane has been redesigned and has a fully modular structure. 
(b) All mechanical and electrical functions are assumed by duplicate modules that 

can be remotely replaced in the crane parking area. 

The control and instrumentation principles for the U P 2 reprocessing plant have 
been adopted for R7, so the control stations for the chemical process and for auto-
mated mechanical functions are grouped in a single control room peripheral to the 
rest of the vitrification unit. 



_ Vitrification cells 

NO* cells 

FIG. 8. WVP layout. 



The central control system comprises 50 programmable controllers which 
permit: 

(i) A real time control system making possible operation in automatic, semi-
automatic or normal modes; 

(ii) A safety control system which ensures that the facility can always be placed 
in a safe configuration and that equipment whose failure may have a significant 
impact on safety can be suitably controlled. This system is fully independent 
from the previous one and its safety panel is located in the control room at the 
shift supervisor's station. 

(iii) An auxiliary control system which makes possible monitoring of process varia-
bility and timely operation of equipment. The auxiliary control panel is located 
in a room accessible from outside the plant, even in the event of an earthquake. 

The overall dimensions of the facility are 101m X 61.5m X 43 m. The R7 
facility carried out non-radioactive runs in 1988 and the radioactive startup occurred 
in June 1989 (Fig. 7). 

4.1.3. The vitrification plant T7 at La Hague (France) 

The T7, also located at La Hague, will serve the future UP3 reprocessing plant 
(capacity 800 t/a). The T7 is a facility absolutely identical to the R7 in regard to the 
various aspects of the vitrification process (number of lines, dismantling principle, 
etc.). Also the layout is almost the same as that of the R7. Consequently, as six iden-
tical vitrification lines are operated at La Hague, all mechanical and fabricated com-
ponents are totally interchangeable, thus minimizing the spare inventory [26]. The 
T7 began hot operation in 1990. 

4.1.4. The Sellafield vitrification plant (WVP) in the UK 

The WVP has been erected at Sellafield (formerly Windscale) for the purpose 
of vitrifying the HLLW generated from the reprocessing of Magnox fuel as well 
as those wastes which arise from the THORP reprocessing plant devoted to LWR 
and AGR spent fuels. The WVP is scheduled to be in operation in 1992. It is intended 
that the same borosilicate base glass will be used for both waste streams [28]. 

The main vitrification equipment in the WVP is the same as that equipment 
installed in R7 or T7 [29, 30]. However, the different layout in the WVP provides 
two processing lines that are fully independent until the container decontamination 
stage (Fig. 8). The use of two lines allowed a relatively compact facility (64 m long, 
38 m wide, 40 m high) to be built. Each vitrification cell contains a feeder, calciner, 
melter and dust scrubber. 

In addition, each vitrification cell is connected directly to a breakdown cell, 
a pouring cell and a decontamination cell. Equipment for the remote maintenance, 
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FIG. 9. Sellafield vitrification plant (WVP). 

dismantling, cutting and packaging of waste is provided in each cell. The pouring 
cell contains lid placing, cooling stations and lid welding equipment. 

A decontamination cell common to both vitrification lines contains a high pres-
sure waste decontamination tank. A common control cell contains a machine to 
externally wipe the container as well as a wiper transfer monitoring system. In addi-
tion, a number of cells containing the low level effluent system, nitric recombination 
columns, hoist park, secondary off-gas treatment, and filters are provided. 

Since 1983, a full scale inactive facility (FSIF) has also been in operation at 
Sellafield. Based on the AVM design, the FSIF produced (by 1989) over 501 of inac-
tive glass. Possession of the facility and other ancillary equipment has allowed Brit-
ish Nuclear Fuels pic to: 
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(1) Obtain a thorough understanding of the process; 
(2) Optimize the flow sheet for Sellafield wastes and a UK developed borosilicate 

glass formulation; 
(3) Demonstrate operation of the process and characteristics of the product to the 

UK regulatory authorities; 
(4) Reduce substantially the anticipated commissioning time of the main plant. 

The FSIF programme of work was completed in late 1989. The WVP started 
radioactive operation in 1990 (Fig. 9). 

4.2. SLURRY LIQUID FED CERAMIC MELTER (LFCM) 

The slurry LFCM involves a single step process in which concentrated liquid 
waste and glass formers are melted continuously in a ceramic lined furnace and then 
drained into a glass receiver canister. The principle behind the operation of the cer-
amic melter is Joule heating. Since glass is a good electrical conductor at high tem-
peratures, an alternating electric current passing between electrodes immersed in the 
glass generates Joule heat. The dissipated resistive heat keeps the glass molten and 
melts incoming material. These melters are constructed from high temperature 
refractory materials such as chrome alumina (e.g. Monofrax K-3) with Inconel 690 
(high chrome, nickel alloy) electrodes. Alternative electrode materials, such as tin 
oxide, may be used in some melting environments. 

Because the ceramic melter involves a single step process, it is desirable to 
have the feed to the melter highly concentrated so that the evaporation load on the 
melter is reduced. It is also advantageous to incorporate the glass forming chemicals 
into the liquid waste so that all components are well mixed. This aids the melting 
process and may benefit the glass homogeneity. The feed to the melter must be kept 
well mixed by agitation and can be delivered to the melter by various types of 
feedsystems, including pumps and airlifts. In some designs, a part of the glass form-
ing additives is being delivered separately to the melters as solid glass frit. This 
facilitates the dosing and composition adjustment but makes homogenization of the 
glass melt more difficult. 

Draining of glass from the ceramic melter can be accomplished by either an 
overflow system or by a bottom drain valve. In one overflow system, an air tube is 
inserted into the glass overflow riser. Air or nitrogen introduced into the riser causes 
the glass level to rise above the level within the melter and to flow into a heated over-
flow, continues through and then drop into the receiver canister. In another overflow 
system, a vacuum is used to draw glass up the riser to an overflow spout. A bottom 
drain valve can also be used to transfer molten glass periodically to the receiver 
canister. The drain valve is a metal tube that normally contains frozen glass. To drain 
glass, the tube is heated by induction heating, and a glass volume is withdrawn so 
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FIG. 10. First Battelle Pacific Northwest Laboratory (PNL) large scale liquid fed ceramic 
melter (LFCM). 

that the melter level decreases by only a few inches'. The draining is halted by 
stopping the induction heating and allowing the drain tube to refreeze. 

The first adaptations of the Joule heated ceramic melter for HLW were per-
formed in the USA and the USSR in the early 1970s [31, 32]. The first large scale 
development melter at Battelle Pacific Northwest Laboratory (PNL) in Richland, 
Washington, USA, had two levels of Inconel 690 electrodes, an overflow and bottom 
drain system, and was constructed of Monofrax K-3. The LFCM is shown in 
Fig. 10. 

Following successful tests at PNL, interest in the Joule heated ceramic melter 
technology spread to Germany and Japan. A pilot scale ceramic melter was operated 
at PNL with radioactive waste between 1984 and 1987. Germany constructed a cer-
amic melter vitrification facility (PAMELA) at the former Eurochemic plant in Bel-
gium and has operated it with stored Eurochemic HLLW since 1985. Today 
vitrification plants based on the ceramic melter are under construction at Savannah 
River, South Carolina and West Valley, New York in the USA and at the Tokai site 
in Japan. Ceramic melter vitrification plants are in the design stages at Hanford in 
the USA and for a commercial vitrification facility at Shimokita in Japan. 

On the basis of early work in the former USSR with EP-100, a large scale 
radioactive vitrification facility was constructed and operated from 1987 to 1988, 
with actual waste. 

1 1 inch = 2.54 x 10"2 m. 
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The various ceramic melters now under consideration or operation in several 
countries will be described in more detail in the following sections. 

4.2.1. The PAMELA process 

Since the mid-1970s, the activities in HLW treatment in the Federal Republic 
of Germany had been directed primarily to the development and testing of the vitrifi-
cation technique known as the LFCM process. In 1978 the PAMELA project was 
established to construct an active pilot demonstration plant at the Eurochemic site in 
Mol, to demonstrate the feasibility of the LFCM process to immobilize 
Eurochemic's existing low enriched waste concentraté (LEWC) in borosilicate glass. 
The PAMELA plant was constructed from 1981 to 1984. Hot operation commenced 
according to schedule on October 1, 1985. By May 1986, the existing 50 m3 of 
LEWC had been successfully vitrified. 

As the overall performance of the plant was considered to be fully satisfactory, 
it was decided to use the PAMELA plant for routine operation in order to solidify 
the residual Eurochemic stock of about 800 m3 of highly enriched waste concentrate 
(HEWC) resulting from the reprocessing of highly enriched MTR fuel. According 
to an agreement between the German and the Belgian Governments, the PAMELA 
plant changed to Belgian hands after termination of the LEWC reprocessing. Under 
the responsibility of Belgoprocess, which is the successor to Eurochemic, startup of 
HEWC vitrification took place on 1 October, 1986. Up until May 1989 about 
400 m3 of HEWC solution were immobilized. 

4.2.1.1. Process technique 

The LFCM technology applied in PAMELA has been developed mainly at the 
Institut für Nukleare Entsorgungstechnik (INE) of the KfK. Between 1976 and 1983 
three generations of electric glass melters have been designed and operated in inac-
tive test facilities, in total producing more than 100 t of simulated waste glass [33], 
The melter of the third generation, designated K-3, was the candidate reference 
melter for active operation. Apart from some slight modifications, it was identical 
to the later radioactive PAMELA melter. This K-3 melter served for the cold process 
demonstration and was operated in 1983 in a full scale mock-up facility under remote 
conditions (see Fig. 11). Later, this melter was used for the inactive testing of the 
PAMELA plant at Mol. 

An illustration of the K-3 melter is shown in Fig. 12. Additionally, Table VI 
contains information on the main features of this type of melter. For mechanical sta-
bility with regard to transportation and tightness, the melter is encased completely 
in a stainless steel box. 

The melter is equipped with four independent sets of Inconel 690 plate elec-
trodes, two lower sets along the melter floor and two upper sets a few centimetres 
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FIG. 11. PAMELA mock-up facility operated at the Institut für Nukleare Entsorgung (INE) 
at the Karlsruhe Nuclear Research Centre (KfK-INE) in 1983. 

below the min imum glass level in the tank. The electrodes are made of Inconel 6 9 0 
and are placed on opposite wal ls o f the melting tank. The arrangement of four 
independent sets o f electrodes makes it possible to vary and distribute the power 
where actually needed. The normal power distribution is 6 0 - 7 0 % for the upper e lec-
trodes (owing to the higher consumption near the process zone on the surface) and 
3 0 - 4 0 % for the lower electrodes. The maximum power input available for the melter 
is in the range o f 100 kW. 
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FIG. 12. Illustration of the K-3 melter. 
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TABLE VI. MAIN FEATURES OF THE PAMELA MELTER 

Parameter 

Design feedrate 

Glass production rate 

Glass tank surface 

Glass tank volume 

Discharge volume 

Startup technique 

Pairs of power electrodes 

Electrode material 

Installed power (electrodes) 

Glass draining systems 

Glass pool refractory 

Plenum refractory 

Outside dimensions 

Weight 

Value 

30 L/h 

30 kg/h 

0 .72 m 2 

300 L 

60 L 

20 heating elements 

4 (plates, air cooled) 

Inconel 690 

100 kW 

Bottom drain, overflow 

ER 2161 

ER 1681 

2 .6 m x 2 m x 2 m 

18 t 

Each electrode is provided with an air cooling system on the back in order to 
keep the immersed electrode surface below 1100°C, the temperature necessary for 
ensuring the longevity of the Inconel 690 material. Another factor shortening the 
electrode lifetime is the electrical current density. According to the results of experi-
ments with the first two test melters, current densities below 0.8 A/cm2 should be 
kept in order to ensure the desired lifetime of the Inconel material. For that reason, 
the power supply for each set of electrodes is current controlled. 

In addition, a current controlled melter provides self-regulating properties in 
that the power released to the glass tank decreases if the temperature of the glass 
increases. Increasing temperature is associated with higher electrical conductivity 
and, thus, power. The temperature during operation is maintained at 1150°C. 

For start and restart the melter is equipped with 20 MoSi2 electric resistance 
heating elements. These are placed behind the refractory of the melter plenum. After 
termination of the heating-up procedure, when the glass has become electrically con-
ductive, the elements are removed from the melter. 
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For the discharge of glass two systems are available at disposal: a bottom drain 
freeze valve system and an overflow. The routine discharge is performed by the bot-
tom drain. It consists of a ceramic channel in the upper part and a metallic tube made 
of Inconel 690 forming the lower part. Two different heating circuits are used to 
raise the glass temperature in the outlet channel for start of the glass flow. The cer-
amic part of the channel is heated by electrode direct heating, whereas the metallic 
pin is heated by a mean frequency heating system. Termination of the glass flow is 
achieved within a few minutes after switching off both circuits. All parts of the bot-
tom drain equipment except the metallic pin can be exchanged remotely. 

The overflow system consists of a vertical as well as a horizontal glass channel. 
The horizontal part is heated by three resistance heaters and by direct heating with 
two pairs of lateral electrodes, a riser heater feeder (RHF) heating system. A nitro-
gen driven glass airlift, inserted in the vertical (riser) channel, helps to increase the 
glass flow rate. During the radioactive process demonstration of PAMELA, the 
overflow drain in combination with a bead production unit served for the production 
of glass beads. These beads were filled into canisters and subsequently the pore 
spaces of the fill were cast with molten lead (VITROMET product). Apart from that 
special production, the overflow is being considered as a redundant discharge system 
in the event of failure of the bottom drain. 

Process control of the melter is achieved by temperature monitoring with three 
thermocouples placed in positions at different heights of the melter plenum. The 
lowest one serves to control the melt level, whereas the two upper ones deliver infor-
mation about the process conditions on the glass pool surface, especially about the 
extent of the 'cold cap' coverage. 

4.2.1.2. Plant layout 

The structure of the complete vitrification process is schematically indicated 
in Fig. 13 [34]. The melter is fed by two separate lines through an air cooled feeding 
tube which is located centrally on the top of the melter. The waste solution is 
introduced continuously by airlift from a small feeding vessel, which is periodically 
filled from the receiving tank by means of a double stage vacuum supported airlift 
system. The glass forming material, consisting of a premelted frit in the form of 
beads, is fed directly to the melter in batches. 

Gases exit the melter through a lateral, remotely exchangeable off-gas pipe 
equipped with a motor driven brush to clean deposits from the tube when necessary. 
The exhaust has to undergo precleaning in a dust removal wet scrubber before leav-
ing the melter cell. Further wet scrubbing is performed in the first off-gas cell, which 
contains a condenser, a jet scrubber and a NOx absorber. The secondary wastes 
arising here are collected, concentrated by evaporation and recycled to the receiving 
tank. After passing the scrubbing area, final gas cleaning takes place in the second 
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FIG. 13. Basic flow sheet of the PAMELA process (LEWC — low enriched waste concentrate). 



off-gas cell, equipped with a fibreglass type high efficiency mist eliminator (HEME) 
and two HEPA filters in series. 

There are two recycling streams in the process. A first direct recycling stream 
is performed by periodically feeding a portion of the dust scrubber solution back into 
the feeding vessel. The second recycling stream consists of the evaporator concen-
trate which is also sent back to the process via a receiving tank. 

The waste glass is drained into stainless steel canisters. The level is controlled 
continuously by weight. In addition a gamma detection system controls the maximum 
level. Draining the discharge volume of 60 L requires about 70-90 min. The filled 
canisters are subsequently cooled, decontaminated and after a smear test are brought 
to intermediate storage. Canister data and details concerning canister handling are 
given in Section 5. 

4.2.1.3. Operational experience 

The radioactive demonstration of the PAMELA process was completed eight 
months after radioactive startup. During that time, the existing 50 m3 of LEWC 
were converted into 78 t of glass drained into 542 canisters (442 glass blocks and 
100 VITROMET canisters). In total, 2.8 X 1017 Bq of beta activity have been 
immobilized in glass [35]. 

The experience worldwide from this first processing of original HLW by the 
LFCM technique was very promising. The time availability of the plant was around 
90%; the efficiency of the throughput was around 85%. More than 99.8% of the 
activity introduced into the system could be fixed in the glass. Feed-to-stack DFs of 
more than 1013 were obtained. The total alpha emission to the stack was only 
0.01% of the licensed value (2.7 x 107 Bq/a) and the beta emission 0.03% 
(5.2 X 109 Bq/a). The maximum individual radiation dose to an operator was 4 
mSv, the average dose was 1.7 mSv/a. 

During the vitrification of the LEWC, approximately 90 kg of noble metals 
(Pd, Rh, Ru) were fed into the melter (64 kg of this quantity were of ruthenium). 
A quantity of 30-60 kg of noble metals were accumulated in the melter, forming a 
layer of a few centimetres thickness on the flat bottom. Noble metal enriched glass 
samples taken from the melter showed an electrical resistance three times lower and 
a viscosity about five times higher than those of the normal LEWC glass at 1150°C. 
The observed decrease of energy consumption in the melt could thus be explained 
because a significant portion of the current passed through the highly electric conduc-
tive bottom glass layer. 

Besides the information gained from the LEWC campaigns, experience is 
available from the vitrification of 400 m3 of HEWC, which is characterized by a 
high content of aluminium and a considerable concentration of mercury. Owing to 
the low content of noble metals in that waste solution, there was no increase in the 
accumulation of noble metals on the melter floor. There was even some evidence to 

37 



assume that some of the noble metals retained in the melter from the previous LEWC 
campaigns might have been flushed out during the HEWC processing. 

In mid-1988, it was decided to replace the first active melter with a new one 
(K-5). The first active melter K-4 was in continuous operation for about 3 years and 
in total processed 275 m3 HLLW to 218 t of waste glass. The reasons for the 
exchange were problems with the bottom drain and a leak in the riser block, making 
the glass airlift operation inefficient. The remote removal of the old and the installa-
tion of the new melter were accomplished within 2 months. Up to May 1989 the 
second melter, under operation since August 1988, had processed another 177 m3 

of HLLW. 

4.2.1.4. Industrial application of the PAMELA process 

Since 1984, the main activities in the field of HLLW management in the Fed-
eral Republic of Germany have been directed towards the further development of the 
PAMELA process with respect to large scale application in a commercial reprocess-
ing plant. Such a plant was under construction at Wackersdorf (WAW) beginning 
in 1985. In 1989, the Government of the Federal Republic of Germany decided to 
stop completion of WAW. 

HLLW G'ass marbles 

FIG. 14. New KfK melter with sloped bottom. 
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As indicated above, commercial wastes are characterized by a high content of 
noble metals which, in the event of accumulation in the melter, can handicap the 
vitrification process. To counter that problem, the design for the WAW melter was 
changed to a new configuration of the melter bottom. Figure 14 shows a full scale 
melter with a HLLW design feedrate of 72 L/h, and a sloped bottom of 45°. This 
melter began operation in early 1988 in a remotely equipped mock-up facility at 
INE/KfK. 

From long term operation of the modified melter using fully simulated HLLW 
as expected from the WAW plant, comprehensive experience about the behaviour 
of platinum group metals (Ru, Pd, Rh) is available. In two campaigns, 63 m3 of 
simulate were processed, containing a total of about 280 kg of noble metals. 

Generally, those metals show a tendency to segregate from the glass melt and 
to more to the sediment, forming highly noble metal enriched glass layers near the 
melter floor. Those enriched layers are characterized by a distinctly increased vis-
cosity and a largely reduced specific electric resistance compared to nominal glass 
melts. Samples near the melter bottom showed noble metal concentrations up to 
15 wt% (nominal value 1.1 wt%), characterized by a six times higher viscosity and 
a resistance drop of several orders of magnitude related to the normal melt properties 
at 1150°C. Therefore, accumulation occurs unless the flow rate down the inclined 
walls is not high enough. In this case, the power distribution in the glass melt can 
be handicapped considerably, thereby leading to temperature and throughput 
problems. However, not all platinum group metals contribute equally to these 
phenomena. The main trouble element is the ruthenium present in the glass as 
RU02. Its needle shaped crystals form matted structures which, in the event of local 
enrichment, raise viscosity and electrical conductivity drastically. Palladium and 
rhodium usually form small droplet shaped alloys (sometimes together with tellu-
rium), which are less determinative. 

Supported by the results of physical and mathematical modelling, the general 
conclusions of the technical experiments are that a sloped bottom is a suitable means 
of forcing the discharge of the highly viscous noble metal enriched glass layer 
formed on the melter bottom. However the degree of the slope should probably be 
higher than 45° to increase the downstream velocity along the inclined walls, thus 
reducing to a minimum the thickness of the noble metal enriched highly conductive 
glass layer. With regard to the vitrification of the HLLW of the WAK plant (which 
in terms of platinum group metals is typical for a commercial waste), another melter 
has been developed at INE/KfK. This melter has sloped bottom walls with an inclina-
tion varying between 60 and 75°. The melter was put into operation at the beginning 
of 1990. 
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FIG. 15. Radioactive liquid fed ceramic melter (RLFCM). 

4.2.2. Radioactive liquid fed ceramic melter (RLFCM) 

At PNL a ceramic melter, the RLFCM, was designed, constructed and placed 
in operation in a shielded chemical operating cell in 1984. The pilot scale melter was 
designed to operate at slurry feedrates up to 40 L/h, producing glass at 20 kg/h [36]. 
The melting cavity (Fig. 15) has a hold-up of 0.18 m3 of glass (500 kg) and a mean 
glass residence time of 40 hours. 

The waste feed pump used exclusively in the RLFCM operations is an air dis-
placement slurry (ADS) pump. It was developed specifically for handling the highly 
concentrated solids containing feed normally fed to the ceramic melter. The ADS 
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FIG. 16. Air displacement slurry pump (ADS) (1 in = 2.54 x 10 2 m). 

pump (Fig. 16) proved to be highly reliable and was very effective in controlling 
feedrates as low as 15 to 20 L/h to the melter [37], 

Two waste compositions were processed in the RLFCM, a simulated radioac-
tive waste solution from the West Valley plant and a composition containing high 
levels of 137Cs and 90Sr. This later composition was used to produce 32 PAMELA 
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size canisters (60 L) for use in Germany in a salt repository test. Each canister con-
tained up to approximately 200 kCi of 137Cs and 150 kCi of 90Sr, with 2.0 kW of 
decay heat and surface dose rates of approximately 5 X 105 R/h. 

A glass level detection system was used to monitor the glass level in the 
canister. The system utilized ^Co transmission through the canister as well as 
direct counting from the 137Cs in the waste glass to determine the glass level within 
± 12 mm. 

Although melter performance with the original West Valley waste was good, 
early operation with the much higher levels of Cs and Sr resulted in excessive off-gas 
line pluggage at the exit of the melter. The plugging was eliminated with an off-gas 
line reamer and operation was then carried out normally to produce the balance of 
the 32 canisters. Subsequently, the Savannah River plant developed an off-gas line 
film cooler which is now used on US melters to prevent excessive solid deposit (see 
Section 4.2). The RLFCM was in operation from October 1984 to March 1987. Dur-
ing this time it was filled with molten glass and maintained at 1050°C during idling 
and at 1100 to 1200°C during operation. Disassembly of this melter is planned in 
the next couple of years so that it can be examined to determine how the melter 
materials performed during the radioactive operation. 

4.2.3. Defense Waste Processing Facility (DWPF) (Savannah River, South 
Carolina, USA) 

At the Savannah River facility about 110 000 m3 of neutralized and concen-
trated HLW have accumulated over a 30 year period. The alkaline waste is stored 
in 5000 m3 capacity carbon steel tanks. The waste currently exists as sludge, salt 
cake and a saturated salt solution. Because the vast majority of the waste solids are 
non-radioactive, pretreatment of these wastes allows for disposal of the non-active 
chemicals in a cement based grout. The remaining high activity waste 
(predominantly 137Cs which has been separated from the saturated salt solution and 
fission products from the sludge) will be solidified as a borosilicate glass. The 
caesium bearing stream is combined with the sludge in the slurry receipt and adjust 
tank. Formic acid is added to destroy N02 and C0 3 as well as to adjust the pH and 
redox potential prior to its placement in the melter. Glass frit is added and the slurry 
is concentrated to 50% solid for feeding to the Joule heated ceramic melter in the 
DWPF [38], 

The DWPF melter is designed to vitrify a continuous slurry stream of glass 
frit and chemically treated waste at a rate of 108 kg/h. A cross-section of the melter 
is shown in Fig. 17. The principal elements of the process flow sheet, including the 
feedsystem, are shown in Fig. 18. 

In the melter, two pairs of diametrically opposed electrodes provide power to 
the glass melt which is maintained at 1150°C. This temperature is selected to 
produce a melt viscosity low enough and waste dissolution rate high enough to meet 
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FIG. 17. Savannah River slurry fed ceramic melter at the defence waste processing facility 
(DWPF); (1 ft = 3.048 X 10'' m; 1 in = 2.54 X 10 2 m). 

feedrate requirements without undue corrosion of the melter materials while at the 
same time minimizing caesium volatility. Supplemental heat is applied above the 
glass pool to vaporize the water and maintain a plenum temperature high enough to 
combust the organics entering the melter; this plenum heat is supplied from eight 
resistance heated Inconel tubes. Glass is discharged into stainless steel canisters 
through the riser/pour spout channel by using a differential pressure control process. 

As with all LFCMs, several design features have proven to be essential to 
smooth operation of the melter system. First, it is important that no surface tempera-
tures exist where volatile sulphides can condense and cool, as they are extremely cor-
rosive. The transition between the hot melter plenum and relatively cool off-gas line 
is protected using a film cooler which mixes steam or air with the off-gas in a way 
that no intermediate temperature gas contacts the wall. The plenum must be kept 
above a minimum temperature: to do this it is necessary to minimize air in-leakage 
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FIG. 18. Savannah River DWPF process flow sheet. 

in all fittings and jumper connections. Also, a uniform pour spout temperature pro-
file is required to prevent spout plugging or glass stream wandering. A sharp edged 
disengagement point for the glass also helps to eliminate stream wandering. 

Because most of the key components of the melter cannot be remotely 
replaced, materials of construction and fabrication techniques were chosen to 
minimize the probability of premature melter failure. The design life of the melter 
is 2 years, a figure based on preliminary conservative refractory wear estimates. The 
refractory in contact with the glass pool is Monofrax K-3. All melter heaters are 
made of Inconel 690 including the 4 electrodes, 8 plenum heaters, riser/pour spout 
heaters and 5 drain valve heaters. All top head components which protrude into the 
melter are also made of Inconel 690. 

Prior to shutdown, a spent melter will be emptied through a bottom drain 
valve. The DWPF is currently in the final stages of construction. A sketch of the 
DWPF is shown in Fig. 19. Initial non-radioactive testing of DWPF is currently in 
progress: hot startup is scheduled for 1993. 
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FIG. 19. Defense Waste Processing Facility (DWPF). 

On the basis o f the current inventory of accumulated waste and the anticipated 
ongoing generation of waste , a glass production rate of 100 kg/h at about 2 8 wt% 
waste in the glass is required from the D W P F melter. Del ivering the feed to the 
melter as a slurry is preferred in the D W P F . Al so at the D W P F , boosting heaters 
are utilized to minimize the glass melter diameter whi le still maintaining melt flows 
o f 3 0 - 4 0 k g - l T 1 -m"2 of melt surface at typical melt temperatures of 1 1 5 0 ° C and a 
slurry feed concentration o f 5 0 wt% water [39]. The full s ize melter has a pool 
diameter of 1 .83 m; with boosting heaters, it will achieve a glass production rate o f 
100 kg/h. 

A D W P F pilot plant scale glass melter was constructed and tested. The scale 
melter is a two thirds linear geometric scale, which translates to a pool diameter o f 
1 .22 m and a glass production rate of 4 5 kg/h. Both D W P F melters have two pairs 
of electrodes arranged in an over/under configuration. They are A C powered. The 
split electrode concept a l lows for better control of temperatures in the melter from 
top to bottom throughout any process changes. In the pilot plant melter, temperature 
control of the glass during slurry feeding has been excel lent , with the lower half 
operating at 1080 ± 3 ° C and the upper half at 1160 ± 5 ° C . 
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FIG. 20. DWPF off-gas system (SAS—steam atomized scrubber; OGCT— off-gas cooling tank). 

The glass overflow riser for the DWPF melter is a thick walled pipe sur-
rounded by a resistance strip heater. The required minimum operating temperature 
is 950°C. The overflow riser discharges to an electrically heated vertical pour spout 
pipe. Because of good insulation, only about 3.5 kW in each heater is required to 
maintain the 950°C temperature in the overflow system. 

The melter drain valve is designed for use only in draining the melter. The pilot 
plant prototype valve has been shown to be operable and able to stop and start flow. 
Its probe is capable of pushing through a layer of spinel on the bottom of the melter 
and draining the fluid glass above the layer [40], 

The major design goals of the DWPF off-gas system (Fig. 20) are to: 

(1) Control melter pressure and glass pouring; 
(2) Control the oxidation state of the melter vapour space; 
(3) Prevent off-gas line pluggage; 
(4) Treat the off-gas prior to discharging to the atmosphere. 

Primary and backup off-gas systems are provided. The primary system is in 
operation under normal conditions, with the backup system in stand-by and ready to 
take over in the event the primary system fails or is shut down for maintenance. 
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To accomplish the design goals, each off-gas system consists of the following: 

(a) Off-gas film cooler to reduce deposits at the off-gas line entrance; 
(b) Off-gas film cooler brush to clean the off-gas film cooler; 
(c) Quencher (ejector venturi) to cool the off-gas and remove large particulates; 
(d) Two stage steam atomized scrubber to remove submicron particulates; 
(e) Condenser; 
(f) High efficiency mist eliminator; 
(g) Condensate collection tank; 
(h) Two stage HEPA filter with preheater; 
(i) Exhauster. 

A sand filter, which receives all ventilation air from the DWPF, is the final 
filtering device before off-gas is discharged to the atmosphere. A seal pot is provided 
for melter pressure relief. A water driven jet on the primary off-gas condensate tank 
creates a vacuum on the melter pour spout to pour glass. 

The off-gas treatment portion of the system was designed to remove 137Cs, 
which is the most abundant radionuclide in the melter off-gas and is present in a size 
range most difficult to separate from the off-gas stream. An overall caesium decon-
tamination factor (DF) of 8 x 108 is required to achieve a maximum discharge 
limit to the atmosphere of 0.1 GBq/a. This is achieved with the following equipment 
and design basis DFs: a quencher (DF of 1), two steam atomized scrubbers combined 
(DF of 50), a HEME (DF of 40), two HEPA filters in series (DF of 2000), and the 
DWPF sand filter (DF of 200). 

The quencher is an ejector venturi that cools the off-gas from 400°C to 60°C 
condensing most of the steam from the melter and conditioning the off-gas for the 
steam atomized scrubber by saturating it with water. Condensate at 40°C is circu-
lated from the cooled condensate tank at 450 L/min to accomplish the quenching. 
The quencher is located as close to the melter as possible to minimize the length of 
line subject to pluggage. 

A melter off-gas line cleaning system has been developed for the DWPF. 
Slurry feeding a glass melter under DWPF conditions produces spatter that adheres 
to the melter lid and the off-gas line and can eventually plug the off-gas line. Off-gas 
film coolers and brushes are used to keep the entrances to both DWPF off-gas sys-
tems open. Each off-gas film cooler consists of two concentric pipes forming an 
annulus into which a cooling fluid is injected. The top and bottom of the annulus are 
closed and slots are provided in the inner pipe to direct the coolant along the inner 
pipe wall in laminar flow (Fig. 21). In the DWPF, both steam and air are injected 
along the pipe wall of the primary film cooler to cool the off-gas near the wall from 
a nominal 725°C to below 400°C. This cooling prevents most particles from adher-
ing to the wall and prevents those that do stick from forming glassy deposits. 

Deposits on the film cooler walls cannot be completely eliminated owing to the 
high velocity of the larger spatter particles (of the order of 6 m/s). A screw driven 
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FIG. 21. DWPF scale glass melter off-gas film cooler. 

brush with Hastelloy bristles is mounted on top of the film cooler and is used when 
needed to remove the light deposits that do accumulate [41]. 

4.2.4. West Valley demonstration project (WVDP) 

The main objective of the WVDP is to solidify the HLLW stored at the West 
Valley site in the State of New York, USA. One storage tank contains approximately 
2100 m3 of neutralized PUREX wastes which are similar to the waste at the Savan-
nah River and Hanford facilities. A second storage tank contains approximately 
30 m3 of acidic THOREX waste generated from processing thorium containing fuel 
[42], 

The PUREX waste will be pretreated to prepare the waste for feed to the 
melter. The supernate will contain most of the 137Cs removed by zeolite ion 
exchange and the sludge which has been washed to remove non-radioactive chemi-
cals such as sodium and sulphate. The chemicals removed during this pretreatment 
will be disposed of as LLW. The zeolite ion exchange material containing most of 
the 137Cs will be combined with the washed sludge for the slurry feed to the melter. 
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FIG. 23. West Valley slurry fed ceramic melter. 

The THOREX waste will be blended with the treated PUREX waste and included 
in the slurry feed. 

Figure 22 shows a simplified WVDP flow sheet. Two feedtanks are utilized, 
one for concentrating and homogenizing the waste and glass forming chemicals and 
one for providing the homogenized feed to the melter. Both tanks are stirred with 
agitators. Sampling and feed analysis are very important because glass quality con-
trol relies on sampling and process control. 

The West Valley ceramic melter was the first Joule heated melter to incor-
porate sloped side walls and a bottom electrode [43]. The purpose of these features 
is to minimize sloughing of the ceramic refractory and to improve glass circulation 
to minimize settling of precipitates on the melter bottom. The West Valley melter 
(Fig. 23) also is equipped with two independent overflows, one of refractory and one 
of Inconel 690. The three electrode design permits power optimization between elec-
trodes so that convection patterns in the melt are maximized. This is expected to 
minimize sludge or noble metal accumulation in the bottom of the melter. 

The molten glass overflows into stainless steel canisters 610 mm in diameter 
and 3048 mm high. A canister turntable holds four canisters in a carousel assembly. 
The melter has been in non-radioactive operation, during plant construction, since 
December 1984 [44], Vitrification tests completed through July 1987 yielded over 
68 t of glass from over 100 m 3 of simulated waste slurry. 

The West Valley off-gas treatment system consists of a submerged bed scrub-
ber (SBS), a high efficiency mist eliminator, HEPA filters and NOx removal [42]. 
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The SBS application to vitrification processes was developed by PNL for use 
in the West Valley process [45]. 

The SBS, which is the first component of the West Valley process off-gas sys-
tem, is actually two vessels in one, a scrub tank within a condensate collection tank. 
The SBS is a packed bed style scrubber which utilizes the process off-gases to airlift 
and circulate the scrubbing solution. The packing consists of 1 cm diameter ceramic 
spheres. 

The process HEME contains a washable, deep bed, fibre filter element. This 
style of filter is designed for submicrometre particulate removal. The HEME was 
sized to process the off-gas flow with a pressure drop of less than 4.9 x 102 Pa. 
An internal set of spray nozzles is installed to provide backflush capabilities to keep 
differential pressure to less than 1.3 x 103 Pa. The flush solution is recycled to the 
SBS. 

The current HEME vessel is not designed for remote use and will be replaced 
prior to hot operations. Test information will be incorporated into the final design. 

A HEPA filter assembly and a preheater are the final off-gas treatment systems 
inside the vitrification facility. As with the HEME, the test HEPA filter assembly 
was not designed for remote operations, but only for cold testing purposes. A remote 
system will be installed prior to hot operation. 

After the process HEPA filter, the off-gases will be routed to an NOx removal 
system. The present system consists of packed and bubble cap NOx scrubbing 
columns arranged in series, a reheater, roughing and HEPA filters, and parallel posi-
tive displacement blowers. A catalytic NOx destruction system is also under evalua-
tion for NOx removal from the process off-gas stream. The treated process 
off-gases are then released to the stack. 

The WVDP is scheduled to begin radioactive operation in 1992. 

4.2.5. Hanford waste vitrification plant (HWVP) 

The HWVP is being designed to process waste that is stored in double wall 
storage tanks, and to be expandable to handle the waste stored at Hanford in single 
wall tanks, if required. By 1995, approximately 100 000 m3 of waste will have 
been accumulated as liquids and sludges in the double wall tanks. These wastes 
include neutralized current acid waste (NCAW) from the PUREX first cycle extrac-
tion, complex concentrate (CC), plutonium finishing plant (PFP) wastes and neutral-
ized cladding removal waste (NCRW). These wastes will be pretreated to reduce the 
amount of HLW requiring vitrification; the chemicals removed during pretreatment 
will be disposed of as LLW in the Hanford grout facility [46]. 

The HWVP utilizes a combination of systems that are incorporated into the 
Savannah River and West Valley vitrification plants. A process flow diagram for the 
current HWVP concept is shown in Fig. 24. The HWVP consists of major process 
systems including the feed receipt and storage/slurry feed preparation, melter/turn-
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FIG. 24. HWVP process flow diagram. 



FIG. 25. HWVP slurry feed system. 

table, canister decontamination and inspection and canister interim storage. The 
slurry feed preparation system is shown in Fig. 25. It is nearly identical to the Savan-
nah River system. 

Feed will be batch transferred from the receipt and lag storage tank (RLST) 
to the slurry receipt and adjustment tank (SRAT) as a slurry where formic acid will 
be added at a controlled rate to ensure oxidation-reduction reactions in the melter, 
to improve the process chemistry for sludge dissolution and to improve feed material 
viscosity. 

Formic acid treated and partially concentrated feed will be batch transferred 
from the SRAT to the slurry mix evaporator (SME) where frit and water that were 
used for canister decontamination will be added. Additional frit slurry will be added 
for melter feed make-up. After the frit additions, the slurry will be concentrated to 
the desired feedwaste oxide concentration. 

Melter feed will then be batch transferred from the SME to the melter feed tank 
(MFT). The feed to the melter will be drawn off as a side stream from each of two 
MFT pump recirculation loops. 

The slurry fed ceramic melter for the HWVP is based on the Savannah River 
ceramic melter design. However, melter design improvements are being pursued to 
incorporate features to enhance circulation and suspension of sludges and particu-
lates. The original West Valley melter was designed and developed to optimize glass 
circulation in the melter cavity in order to minimize precipitates from settling on the 
melter floor. Recent experiences with the PAMELA melter, with noble metal 
precipitation and shorting of the PAMELA electrodes, has drawn more serious atten-
tion to the need to ensure that Joule heated melters will not fail prematurely owing 
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FIG. 26. Conceptual drawing of the HWVP melter/turntable system. 

to this cause, Non-radioactive testing experience with the West Valley melter indi-
cates that sludges may not present problems with the three electrode melter design. 
Both Germany and Japan have evidence that steeply sloped bottom melter walls and 
bottom draining of the melter provide a partial solution to the noble metal problem. 
Therefore the HWVP melter is attempting to incorporate all of these positive fea-
tures: the bottom electrode of the West Valley melter and the steep sloped bottom 
walls and bottom drain of the German and Japanese melters [47, 48]. The envisioned 
HWVP melter is shown in Fig. 26. 

The original PNL LFCM which was constructed in 1975 is being modified cur-
rently to incorporate the desired HWVP features and was tested with simulated waste 
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in 1990. The modified HWVP melter is capable of pouring glass from either a bot-
tom drain valve or from a riser overflow. As with the West Valley melter, the risers 
are internal within the melter wall. The overflow section is heated with replaceable 
electric resistance heaters. 

The HWVP off-gas treatment system is very similar to the West Valley system 
and will utilize both the off-gas line film cooler and a submerged bed scrubber. 

Construction of the HWVP is in progress and it is expected to be in radioactive 
operation in 1999. 

4.2.6. The processes in Japan 

The Tokai reprocessing plant is the first reprocessing facility in Japan. 
Approximately 400 m3 of HLLW has been generated from reprocessing LWR fuel 
and stored in on-site tanks [48]. The Japanese policy for the treatment and disposal 
of HLLW is that HLLW shall be vitrified into a stable form, cooled for 30 to 50 
years and then disposed of into a deep geological formation. 

Since 1977, Japan has chosen to develop the LFCM. The first Japanese vitrifi-
cation facility at Tokai (TVF) was licensed by the Japanese authorities in early 1988 
and construction began later that year. The TVF will start operation in 1992. The 
design capacity of the TVF is fitted to the Tokai reprocessing plant. The glass 
production rate is about 9 kg/h. About 300 kg of glass will be poured periodically 
from the bottom of the melter into a canister. 

The PNC development programme has resulted in a melter structure which has 
a steeply sloped floor, a glass additive using a fibreglass frit cartridge and a two zone 
induction heated freeze drain valve [49]. 

The melter structure with sloped floor was developed as a measure to remove 
the conductive sludge from the bottom drain effectively. At PNC, melter tests using 
a 45° sloped bottom showed that no significant change in Joule heating between elec-
trodes has been observed and that more than 90% of the noble metal elements fed 
into the melter was discharged through the bottom drain. The proposed design for 
the resulting TVF melter is shown in Fig. 27. 

A fibreglass additive has been developed for incorporation into the TVF. The 
fibreglass cylinder is placed in the feedline and is saturated with waste being fed to 
the melter. It has been found that entrainment of particles in the off-gas stream is 
reduced by up to a factor of 10 using the fibreglass cylinders. Data on entrainment 
with and without the fibreglass cylinders is given in Ref. [50]. The typical size of 
the cylindrical fibreglass frit is typically 70 mm in diameter and 70 mm in length. 
The fibreglass diameter is about 10 ¿im. The liquid holding capacity of the fibreglass 
additive is 4 mL/g maximum. 

The melter freeze valve drain design is shown in Fig. 28. The drain valve uses 
a two zone induction heating system. Separate heating of the drain tip has been found 
to be effective in eliminating the formation of glass string. 
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Physical modelling tests with a three electrode steep sloped bottom floor melter 
have been performed [50]. The results were very encouraging and showed with cop-
per powder, used to simulate precipitates, that a three electrode power supply is 
effective for heating and stirring the fluid homogeneously in the melter. 

The extended research work on the feedsystem and melter off-gas treatment 
system improvement led to the process flow sheet shown in Fig. 29. Figure 30 shows 
the view of the TVF vitrification and storage cells. 
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FIG. 28. TVF two zone induction heated drain nozzle. 

References [51] and [52] provide additional details about the development of 
the ceramic melter process. 

A Japan Nuclear Fuel Services (JNFS) reprocessing plant will be constructed 
in Japan to begin operation around 1997. Annual reprocessing throughput for this 
plant will be 800 t (4 t/d). The ceramic melter development programme at PNC and 
plans for the TVF have led to the selection of the ceramic melter to vitrify the HLLW 
in the commercial plant. By operating a two melter system, the capacity of the vitrifi-
cation process is designed to be equivalent to that of the reprocessing plant. 

4.2.7. The processes in the former USSR 

The most completely studied process in the former USSR so far is that involv-
ing the production of phosphate and borosilicate vitreous materials in a ceramic 
melter [53, 54]. The process was developed in pilot facilities using simulated and 
isotope (Cs, Ru, Sr) labelled solutions. In this way, the process parameters were 
determined and the main items of equipment were developed. 
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FIG. 29. TVF vitrification process flow. 
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FIG. 31. EP-100 facility flow sheet. 

TABLE VII. PARAMETERS OF THE EP-100 MELTER 

Parameters Value 

Throughput of solution 100 L/h 

Output of glass 25 ± 3 kg/h 

Power requirements 150 ± 7 kW 

Glass melting temperature 950-1150 ± 50°C 

The melter material selected was a high silica zirconium refractory (Bakor). 
Molybdenum, various alloys and tin dioxide were tried as electrode materials. 

The fluxes used are orthophosphoric acid in producing the phosphate vitreous 
material and the boron containing mineral datolite in producing the borosilicate 
glass. At the same time, reducing agents (e.g. molasses) are added to the melter. 

The initial model solutions with a salt content of up to 370 g/L were prepared 
according to calculations made for making a phosphate glass of the following compo-
sition (wt%): NazO 22-26; A1203 21-25; P205 47-53; Fe203 up to 1.5. 
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FIG. 32. EP-500 melter (all dimensions are given in mm). 

TABLE VIII. PARAMETERS OF THE EP-500 MELTER 

Parameter Value 

Maximum power requirement 

Maximum temperature 

Throughput of solution 

Single batch of glass melt 

Electrode material 

Specific electricity consumption 

Area of melting zone 

Area of storage zone 

Level of glass melt in furnace 

Outside dimensions of furnace 

1520 kW 

1200°C 

400 ± 100 L/h 

0.2 m3 

Molybdenum 

2.0 k W h / L 

10.7 m 2 

1.8 m 2 

0.35-0 .45 m 

9480 mm x 4200 mm x 3200 mm 
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The design of the main equipment units was developed and their operational 
suitability verified on the EP-100 facility [53, 54], A total of 1116 m3 of simulated 
solutions was processed and 134 m3 of phosphate glass obtained. A diagram show-
ing the facility equipment and process is given in Fig. 31. The pilot facility was 
designed for a throughput of 100 L/h of model solution, containing up to 400 g/L 
of salt, or for 25 kg/h of glass. 

The main technological parameters of the EP-100 facility are given in 
Table VII. 

It was shown in the pilot facility that at a process temperature of up to 1100°C, 
the losses from the melter were up to 5% for l06Ru, up to 0.6% for l37Cs and 
0.2-0.4% for ^Sr and the rare earth elements. 

The off-gas cleaning system, consisting of a bubble condenser, coarse and fine 
filters, and columns for collecting ruthenium tetroxide and nitrogen oxides, achieves 
decontamination of the steam-gas flow by a factor of 109. 

The results of testing the pilot plant for producing phosphate glass material led 
to its being recommended for trials with real radioactive wastes. 

On the basis of the tested equipment and process, a prototype industrial facility 
was built for the processing of real high level solutions fluxed with phosphoric acid 
[55], The main item of equipment was the EP-500 ceramic furnace, the basin of 
which was made of the aluminozirconium refractory Bakor-30 (see Fig. 32). 

The main technical data of the EP-500 furnace are given in Table VIII. 
Equipment of the commercial prototype vitrification facility is located in two 

buildings connected with each other by a technological gallery. There is equipment 
for preparing and evaporating the solutions as well as off-gas cleaning system in the 
first building; the second building accommodates two electric furnaces, a unit for 
pouring glass mass into canisters, a hot cell for loading the canisters into the con-
tainers and a remote welding system for closure of the containers, air cooled bays 
for storing solidified HLW containers. 

TABLE IX. CANISTER AND CONTAINER PARAMETERS 

Parameters Canister Container 

Diameter 575 mm 630 mm 

Height 1000 mm 3400 mm 

Glass volume 200 L 600 L 

Mass after filling 615 ± 35 kg 2350 ± 100 kg 

Material Carbon steel 
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The facility was put into operation in 1987. The facility was operated for one 
and one half years, a period including the stage of cool runs. At this facility, 
998 m3 of the radioactive solutions with a total activity of 143.2 PBq were incorpo-
rated into phosphate glass; 366 canisters containing 162 t of phosphate glass were 
produced. The canisters were placed in containers, three in each. The canister and 
the container characteristics are given in Table IX. The containers, 122 at all, were 
emplaced in a surface storage facility with forced air cooling. 

The storage facility consists of reinforced concrete basins with vaults for the 
containers with solidified HLW. The storage facility is designed to receive vitrified 
HLW of 5 kW/m3 initial decay heat. For the container loading and reloading a 
three-seat shielded cask is used which is moved by a 120 t crane. Containers are 
placed in each vault. The cooling air is sucked by ventilators via air intake devices, 
passes through an annular gap between the containers and the inner surface of vaults 
and after cleaning is discharged into the atmosphere. The storage facility design 
allows the use of natural air circulation, if required, with the draught through a tall 
stack. 

After the specific decay heat decreases to 1.0-1.5 kW/m3 solidified wastes 
are taken out from the forced cooled storage basin and are transported in a shielded 
container to another storage facility where heat removal is accomplished by natural 
air circulation. This storage facility also consists of reinforced concrete basins 
designed for long term storage of high level solidified wastes. These basins are 
equipped with reinforced concrete vaults each accommodating four containers. 

Both types of storage facility have engineered means for the container with-
drawal from the basins and loading into shipping casks for transportation to the final 
repository in deep geological formations. 

The furnace was taken out of operation as a result of failure of the system 
employed for water cooling of the leads supplying power to the furnace electrodes. 
A comprehensive analysis of the results of the experimental operation of the furnace 
and of the reasons for the failure of the water cooling system is now being carried 
out. Preliminary analysis of this large scale vitrification process, which is unique in 
worldwide practice, bears witness to the safety both of the process and of the equip-
ment used, for the operating personnel and for the environment. 

4.2.8. The processes in China 

In 1986, owing to the relatively limited throughput of the batch vitrification 
process, it was decided to give up the R&D work on the batch pot process. China 
has worked out a programme to replace the batch pot process with a continuous 
LFCM process. In order to realize this programme, China is to carry out a large 
amount of R&D work, including research on the compositions of the borosilicate 
waste glass, the parameters of the continuous process, the equipment required for 
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FIG. 33. Process flow diagram of mock-up facility. 



this process etc. A mock-up facility is to be designed and constructed prior to its 
potential industrial application in China. According to the Chinese programme the 
mock-up facility was scheduled for construction and operation in the early 1990s. 

The design concept of the remote mock-up LFCM has already been finished. 
Figure 33 shows the process flow diagram of this facility. Its design feed rate 
amounts to 50-55 L/h with a corresponding glass production rate of 40-45 kg/h. 

After concentration and denitrification, the simulated HLLW is transferred to 
a feedtank. From this tank it is directly fed to a glass melter through a two stage 
airlift system. The glass forming additives, such as solid glass frit, are delivered 
separately to the melter. 

The LFCM is a single step process in which concentrated liquid waste and 
glass formers are melted continuously in a ceramic lined furnace and then drained 
to a canister. The ceramic refractory ER 2161 is used as construction material for 
the sidewalls of the melter. For mechanical stability and tightness, the melter is com-
pletely encased in a stainless steel box. The melter is equipped with a sloped bottom 
of 45 °C (or more than 45 °C) and with four independent sets of Inconel 690 plate 
electrodes. The dissipated resistive heat keeps the glass molten and melts incoming 
materials. For draining of glass from the ceramic melter, two systems are installed: 
a bottom drain freeze valve system and an overflow system. The glass canister is 
430 mm in diameter, 1335 mm high and the glass volume in the canister is 150 L. 

In order to meet the requirements of the operation of the ceramic melter, a 
borosilicate waste glass known as glass 216.FR 16 has been developed. The charac-
teristics of the glass are as follows: 

Density 2.56 g/cm3 

Waste oxide loading 16 wt% 
Viscosity, at 1150°C 56.1 dpa 
Specific resistance at 1150°C 4.16 Q-cm 

The off-gas from the melter is directed into a wet dust scrubber through an off-
gas pipe equipped with a film cooler. After the first step of the treatment, the off-gas 
in turn passes a condenser, a jet scrubber and an NOx absorber for further wet 
scrubbing. The secondary wastes are collected and sent to the transfer vessel for 
preparing the simulated HLLW. After passing the scrubbing area, final gas cleaning 
is performed by means of a fibreglass and two HEPA filters; then the cleaned off-gas 
is discharged through a blower to a stack. 

A portion of the dust scrubber solution is recycled periodically to the feedtank 
of the evaporator to be concentrated and then vitrified. 

On the basis of the experience which will be gained from the cold process 
demonstration, China will design and construct the first active vitrification plant in 
the mid-1990s. 

65 



LEGEND 
T i l EVAPORATOR F E E D T A N K T 2 9 A U X I L I A R Y EVAPORATOR F E E D T A N K T S I a T 6 I B A T C H I N G T A N K S 

rza POT F E E D TANK X I I F R A C T I O N A T O R C O N D E N S E R T S I C O N D E N S A T E TANK 

T I I THERMOSYPHON EVAPORATOR » P S E A L P O T VF I a V F 2 V I T R I F I C A T I O N FURNACES 

R 12 EVAPORATOR CONDENSATE TANK M F S M A G N E T I C F L O W S E N S O R X4A a X 4 B POT C O N D E N S E R S 

r i3 FRACTIONATOR T 71 O F F - GAS S C R U B B E R HT I a H T 2 A D D I T I V E S MIXING T A N K S 

r 14 ACID K I L L I N G TANK T 7 2 R U T H E N I U M ADSORBER T * * 
i -

S T E A M J E T 

T 17 C O N C E N T R A T E A C I D STORAGE TANK T 7 3 R E F L U X S T O R A G E TANK 
i -

A I R L I F T FOOT P I E C E 

FIG. 34. Vitrification process flow diagram of WIP, Tarapur. 



4.3. OTHER VITRIFICATION PROCESSES 

4.3.1. Vitrification facilities in India 

A three step policy is being followed in India for the management of HLLW 
generated during the reprocessing of spent fuel [56], This policy incorporates: 

— Vitrification of HLLW using a borosilicate matrix; 
— Interim storage of conditioned waste in an engineered facility; 
— Ultimate disposal of conditioned waste in an underground repository. 

The first Indian vitrification unit has been constructed at Tarapur, construction 
of the second facility is under way at Trombay and the third unit will be located at 
Kalpakkam. 

4.3.1.1. Waste immobilization plant (WIP) at Tarapur 

The vitrification unit of the WIP is based on a pot glass process [57]. 
Pre-concentrated waste and glass forming additives in the form of slurry are 
metred as separate streams into the process vessel located in a multizone furnace 
(Fig. 34). The susceptor temperature is initially maintained at 600°C. The process 
vessel which is made of Inconel 690 incorporates a freeze valve section operable by 
an independent induction coil. With simultaneous concentration and calcination of 
waste, the solid-liquid interface moves vertically upwards. The level of liquid waste 
is indicated by the temperature sensed by thermocouples located at different heights. 
The feed is stopped when the vessel is about 75% full of calcine. At this stage, the 
furnace temperature is raised to 950°C, the calcined mass is fused into glass and it 
is soaked at 950-1000°C for six hours to achieve homogenization. The molten mass 
is then drained into an insulated storage canister by operating the freeze valve. There 
are two induction furnace systems which operate in parallel in a staggered operating 
cycle. 

The storage canister is 324 mm in diameter, 775 mm long and is constructed 
of SS 304 L. The filled storage canister, after cooling for about 40 hours, is sealed 
with a lid by pulsed gas tungsten arc welding. The weld integrity is inspected by 
helium leak detection. Two such storage canisters are then emplaced in a carbon steel 
overpack 356 mm in diameter and 2 m long. The overpack is sealed by welding a 
lid; it is decontaminated in a tank fitted with spray nozzles and then transported to 
the solid storage surveillance facility located adjacent to the vitrification plant. 

Before feeding to the vitrification vessel, waste is first concentrated in a ther-
mosyphon evaporator which employs removable steam tube bundle and shell-side 
boiling. The use of steam is limited to low pressure to avoid vigorous reaction of 
nitrates with organics in the waste, if any. The nitric acid concentration of the waste 
is controlled below 5.5M by condensate recycle to minimize volatilization of 
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ruthenium. The vapours, containing entrained particles, pass through the vapour 
chamber and de-entrainment column. These vapours are then fractionated in a 
packed bed column for removal of nitric acid and for recovery of water for recycle 
back to the evaporator. The concentrated nitric acid is either sent for reuse or is made 
to react with formaldehyde. The concentrated waste solution is stored for feeding to 
the vitrification process vessel. 

The off-gases from the vitrification process are first cooled in a vertical double 
pipe heat exchanger. Partial condensation helps in avoiding choking of the line. The 
gases are then further cooled and condensed in a packed tube condenser. The non-
condensables are routed through a fibreglass filter, ruthenium adsorber and wet 
scrubber. These are cooled again before being sent to the vessel off-gas system 
where they are heated before passing through a fibreglass pre-filter and HEPA filter. 
Blowers provide the required draught and discharge heat for transfer of these gases 
back to the vitrification cell where they are mixed with the plant exhaust air prior 
to discharge through a tall stack. 

Commissioning trials of the facility were carried out during 1985 and 1986. 
The facility has since been cleared for high level radioactive operations. 

4.3.1.2. WIP at Trombay 

At Trombay, construction is under way of an integrated waste management 
facility which also incorporates a vitrification unit similar to the one at WIP Tarapur. 
The design of the vitrification block at WIP Tarapur [58] is based on the concept 
of placing housing system related equipment together in modules. Adoption of this 
concept is continued at WIP Trombay. However, there are certain differences 
between the two facilities which are based on the experience gained during the com-
missioning of the Tarapur plant. In addition to adoption of modules, segregation of 
the equipment into different cells has been carried out on the basis of the type of 
process operation, extent of radioactivity handled and considerations of remote oper-
ation and maintenance. The layout of the Trombay plant is shown in Fig. 35. There 
are two sets of hot cells — one for immobilization of ILLW and another for vitrifica-
tion and handling of HLLW. The waste concentration and associated equipment such 
as the concentrate cooler, fractionator, denitrator and condensers are housed in 
Cell 5; the furnace and associated fluid services are housed in Cell 4; canister weld-
ing, decontamination and product sampling for characterization are housed in Cell 3. 
Off-gas cleaning equipment is housed separately. Cell 2 is provided for short term 
storage of the product canisters before their transportation to Tarapur for interim 
storage. Last in the line is Cell 1 which is designed for product removal and which 
has only one compartment. All cells apart from Cells 1 and 10 have two compart-
ments each, the bottom one for processing and the upper one being for either main-
tenance or off-gas treatment. This facility is scheduled for commissioning by 1993. 
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Legends: 

1. Vitrified waste product (VWP) 
canister removal cell 

2. Canister storage cell 
3. Welding & decontamination cell 

4. Vitrification cell 
5. Waste concentration cell 

6-10 Process cells for bituminization / 
polymerization facilities 

FIG. 35. Layout of cells in WIP, Trombay. 

4.3.1.3. WIP at Kalpakkam 

A decision has been taken to build the next vitrification unit along the lines of 
WIP Tarapur, at the Indira Gandhi Centre for Atomic Research (IGCAR) at Kalpak-
kam. This facility is designed to condition HLLW generated during reprocessing of 
irradiated fuel from the Madras atomic power station, and from the FBTR and proto-
type FBR at a later date. Preliminary design of the facility has been completed. The 
basic layout of the vitrification facility is similar to WIP Trombay. This facility is 
scheduled for commissioning by 1995. 
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5. GLASS CANISTER HANDLING PROCEDURES 
GENERALLY IMPLEMENTED 

IN THE VITRIFICATION PLANTS 

After the canister is filled with glass during processing, it is subjected to a 
number of operations to prepare it for storage and ultimate disposal. Figure 36 
depicts the types of canister operations that are generally employed. Typically the 
canister will be allowed to cool to its steady state temperature before it is removed 
from the filling station. A temporary lid, which acts as a dust stop, or the final lid 
is placed in/on the canister opening. With a temporary lid the canister is then grossly 
decontaminated by spray washing. The final lid may be welded in place before or 
after the initial decontamination step. If necessary, the final decontamination process 
and a contamination smear test are performed before the canister is placed in storage 
at the vitrification plant. The final decontamination step may be accomplished by 
high pressure water washing, by frit/water blasting, by electropolishing or other 
means. Welding is normally performed using a tungsten inert gas (TIG), a plasma 
weld, or upset electric resistance welding. 

It is possible, but not always necessary, to perform canister examination 
including: leak checking as well as gamma emission, surface temperature and ovality 
shape testing. A recent US/German programme performed many of these steps to 
prepare PAMELA type waste canisters for heat and radiation testing in a repository 
environment [59]. It is hoped that a number of these steps can be avoided by demon-
strating that canister quality and product physical properties can be maintained rou-
tinely by using strict process control and monitoring. 

5.1. CANISTER PROCESSING 

5.1.1. Thermal conditioning 

In order to avoid thermal stresses in the glass, several steps can be taken (see 
Table X). The first one consists of preheating the canister, just before filling (as for 
R7, T7, WVP), to a temperature in the range of 500-600°C. The second step is to 

Canister 
tilling 

Placement 
of lid 

Controlled 
cooling 

Lid welding Decontamination 
leakage test and other tests 

FIG. 36. Diagram of potential canister operation. 
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TABLE X. CANISTER PROCESSING 

Welding Weld quality assurance Decontamination Physical inspections 

Facilities 
Controlled 

cooling Upset Plasma 

resistance torch 

TIG 

Leak Process Water Frit Other Weight Temperature Shape Alpha Dose 

test control spray blast scan rate 

parametèrs smear 

AVM N o 

R7 or T7 Yes 

WVP Yes 

PAMELA Yes 

DWPF 

HWVP 

TVP 

WVDP 

WIP 

N o 

No 

No 

No 

Yes 

x 

x 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

With 

brush-

ing 

Ultra-

sonic 

bath 

Ultra-

sonic 

bath 

x 

x 

x 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

EP-500 No 



leave the canister after filling in an insulating container for a given time period, i.e. 
from some tens of hours to several days. Differences in practices between facilities 
depend obviously on the size of the canister but mainly on the specific activity of 
the glass. 
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FIG. 37. Remote canister lid welder (fusion or tungsten inert gas (TIG)). 



5.1.2. Sealing 

Three types of welding systems have been developed for sealing the canisters. 
They are the TIG, the plasma torch and the upset resistance weld. The first two are 
lightweight, simple machines that provide a seal weld with a weld depth of about 
3 mm. Any size of canister opening can be welded with this system. 

The upset resistance weld is capable of providing a very thick fusion weld. 
Owing to equipment size and power requirements, however, this type of weld is 
usually limited to canister openings of less than 150 mm in diameter. 

5.1.2.1. The plasma or TIG weld system 

Plasma torch welding is performed without any filler metal by rotation of the 
plasma torch around the canister lid [60]. When further leak tests are not anticipated, 
the welding parameters are recorded continuously to detect any defective operation. 
These parameters are: welding voltage, welding current, torch rotation speed and gas 
flow rate. This type of weld is also frequently called a TIG weld and is used in 
France, Germany, India and Japan (Fig. 37). 

5.1.2.2. The upset resistance weld system (plug welder) 

A weld plug is placed in the canister opening and inspected visually for proper 
location. A pneumatically operated upper electrode is used to press down on the weld 
plug with a force of 3.5 kN. This process achieves positive electrical contact and thus 
completes a circuit. While the force is maintained, a weld current of 240 000 A at 
15 V DC is applied for 1.5 s. As the metal at the plug-canister interface heats, plastic 
deformation occurs and the plug is forced about 1.2 cm into the canister neck, form-
ing a solid state weld. The Savannah River plug welder is able to effect a primary 
(12.5 cm diameter) or repair (17.8 cm diameter) weld (Fig. 38). 

The predominant means of ensuring a high quality weld with good leaktight-
ness is by means of welding control and parameter monitoring. Welding parameter 
control is essential. By having a great deal of welding experience, in which close 
control of parameters always gives a satisfactory weld, one can develop confidence 
in the ability to produce quality welds routinely. Of course the welding operators and 
quality control personnel should also inspect each weld visually. If a visible defect 
appears, it may be possible to evaluate it further, with means such as dye penetrant, 
to determine if there is a fault that requires repair. 

To have an absolute measure of leaktightness, it is possible either to place a 
helium source inside the canister or to spray helium into the void space of the 
canister, before welding on the lid. Then the weld is either placed in a vacuum so 
that a helium leak test can be performed, or the weld can be directly checked using 
a helium mass spectrometer. The former operation was accomplished successfully 
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Hydraulic ram 

Permanent weld 
plug 

Welder ram 

¡ Z 3 Z 

V ^ V 
Welded canister 

\ 
FIG. 38. Canister sealing process (plug welder). 

on the 32 canisters prepared in the PNL RLFCM for Germany [59]. A similar 
approach to weld testing has been adopted in India for WIP canisters. The latter 
direct weld test is also employed in the former USSR. 

5.1.3. Decontamination 

The waste glass canisters might be contaminated either occasionally or 
routinely by loose radioactivity. In order to remove this, the canisters are decontami-
nated routinely or on a case by case basis. Several canister decontamination 
processes are in use or in development. 

High pressure water spray (250-600 bar) in special tanks has already proven 
its effectiveness. Acids, complexing agents and other chemicals can be added to the 
water. The addition of sand or glass powder to the water (wet sand blasting) or brush-
ing leads to an additional mechanical cleaning effect. The sand slurry can be recycled 
and reused several times or used as glass additives for the melter feed. Vibratory 
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finishing is a very effective variant of this process [61]. Also dry blasting with fine 
abrasions (e.g. corundum or boroncarbide up to 300 mesh) can be applied. Satisfac-
tory cleaning effects are accomplished by brushing under the addition of water with 
and without chemical additives. 

Another highly effective decontamination method is electropolishing [62], In 
general the metallic component to be cleaned is placed in a bath of highly concen-
trated phosphoric or sulphuric acid and branched as anode. The cathode can be 
moveable and can have, in case of canister cleaning, the shape of a ring. 

5.1.4. Physical inspection 

After the canister has been filled with glass, it can be inspected to obtain infor-
mation about the physical characteristics of the canister. These can be simple 
measurements to obtain the canister weight and temperature, to determine if any war-
page has occurred, and to measure the emitted gamma radiation and dose rate at or 
near the surface of the canister. These operations are straightforward and do not 
require a detailed discussion. 

5.2. CANISTER CHARACTERISTICS 

Table XI is a compilation of the major characteristics of the filled glass 
canisters for the vitrification plants described in this report. All canisters are cylin-
drical in shape and are made of stainless steel. Figures 39-42 are drawings of the 
present or currently planned canisters. The smaller canisters usually contain a high 
specific heat glass. Use of the much larger US type canister is possible because of 
the low specific heat of the content glass from low burnup fuel to be reprocessed. 

5.3. WASTE CANISTER STORAGE 

Glasses under storage must be cooled and kept under a given temperature in 
order to prevent possible devitrification. 

Several storage concepts have been taken into consideration in the past [63] but 
only the air cooling system has been adopted for the storage system design of cur-
rently operating or near operating facilities. 

Air cooling can be ensured by conduction, natural convection or forced con-
vection facilities. The selection of the system depends strongly upon the potential 
thermal release of the glass. In some cases of high specific heat glass, forced air cool-
ing is combined with natural convection cooling. This is the case for the AVM, WIP, 
R7, T7 and EP500 facilities. The storage facilities connected to AVM, WIP and 
EP500 have been described elsewhere [63, 64]. However, it should be mentioned 

75 



TABLE XI. CANISTER CHARACTERISTICS 

Facility 

Dimensions 

Glass Total 
volume weight 

(L) (kg) 
Outer Overall Thickness Material 

diameter height (mm) 
(cm) (cm) 

Maximum activity 

(GBq) 

Alpha Beta-gamma 

Maximum 
thermal power 
at the time of 

vitrification 
(W) 

Surface 
contami-
nation 

(Bq/m2) 

Dose rate 

Beta-gamma 
(102 Gy/h) 

AVM 135 410 50 100 3 3 .0 x 107 1.4 x 107 

Refra-
ctory 

y s s 
Z 15 CN 

(combined) 

1000 < 3 7 0 0 0 0 .8 at 30 cm 

R7 & T7a 150 490 43 134 5 24-13 1.4 x 105 2.8 x 107 2980 < 3 7 0 0 0 Surface 140 
1 m 4 .2 
2 m 1.4 

WVP 150 490 43 134 5> 
PAMELA" 60 165 30 120 8 Cr-Ni 3.1 X 103 5.7 x 105 50 1.2 

Steel at surface 
150 490 43 134 5 4571 

DWPF 670 2100 61 300 9.5 304L < 3 7 0 0 

WVDP 700 2130 61 300 > 3 . 4 304L 1.2 X 105 4.5 x 106 390 < 3 7 0 0 0 .86-1 .1 

HWVP 670 2100 61 300 9.5 304L 1.1 X 107 2600 < 3 7 0 0 1.1 



Glass Total 

Dimensions Maximum activity 

(GBq) Maximum 
thermal power 

Surface 

Dose rate 

Glass Total 
Maximum 

thermal power 
contami-
nation 

(Bq/m2) 

Facility volume 
(L) 

weight 

(kg) 

Outer 
diameter 

(cm) 

Overall 
height 
(cm) 

Thickness 
(mm) 

Material Alpha Beta-gamma at the time of 
vitrification 

(W) 

contami-
nation 

(Bq/m2) 

Beta-gamma 
(102 Gy/h) 

TVF 110 380 43 104 6 304L 1.5 x 107 

(combined) 
1400 3700 

WIPC 45 186 32 77 9.5 304L 1.8 x 104 2 . 2 X 1 0 7 900 

EP-500" 200 650 57.5 100 5 Carbon 
steel 

600-3500 

a At La Hague reprocessing is carried out three years after the fuel is discharged from the reactors; the vitrification is achieved one year later. 
b In the first two and one half years of operation, the smaller canisters were used; since mid-1988 the larger canisters were used. 
c Two WIP canisters are placed inside a carbon steel canister overpack 36 cm in diameter, 200 cm high, 11 mm thick. 
d Three EP-500 canisters are placed inside a carbon steel canister overpack 63 cm in diameter, 340 cm high, 8 mm thick. 
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Lid thickness : 3 

Glass container AVM Glass container R 7 
T 7 
W V P 

FIG. 39. AVM/R7/T7/WVP glass containers (all dimensions are in mm). 

that the maximum capacity of the AVM storage of 2200 canisters (Fig. 43) is going 
to be exceeded and further expansion is planned. The WVP waste storage facility 
known as the vitrified product store (VPS) uses only natural convection cooling (see 
Fig. 44). 

The storage capacity of the PAMELA storage is 1512 canisters. The facility 
is constructed with 252 pits housing 6 canisters each. Heat is removed by a forced 
air ventilation system. Air goes through HEPA filters before being exhausted. 

The two storage facilities associated with R7 and T7 have a modular design. 
The capacity of the initial module is in each case 4500 canisters, corresponding to 
more than 5 years of operation. The module has 5 trenches with 100 vertical pits 
each housing 9 stacked canisters. Forced air cooling systems have been designed to 
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FIG. 40. DWPF type waste canister. 

remove 9.6 MW from the R7 storage facility and 9.3 MW from the T7. This total 
comprises 4 fans ( + 1 in stand-by) for R7 and 3 fans (+ 1 in stand-by) for T7. The 
temperature of the air at the facility outlet before filtration is 110°C for R7 and 
125°C for T7. When the natural convection cooling mode is applied, those tempera-
tures are 140°C and 145°C, respectively. 

The storage facility for WIP canisters, named SSSF, is now ready and is shown 
in Fig. 45. The second Indian facility, ISF, is being constructed at Kalpakkam for 
storage of canisters from the WIP at this site. 
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f i 040 

Content : Borosilicate glass 
Weight : 380 kg incl. canister weight 

Volume : 110 L 

3 Canister : Vertical cylinder type 
Material : SUS 304L (ANSI 304L)/ 

SUS F 304L (ANSI F 304L) 

Outer diameter : 430 m m 
Height : 1040 m m 

Radioactivity : 1.5 x 107 GBq 
Heat generation : 1.4 kW 

FIG. 41. TVF glass container (all dimensions are given in mm). 

For the VPS, ten canisters are stacked in each pit and the total capacity is 
8000 canisters. There will be no HEPA filtration of cooling air; VPS employs a 
thimble tube design which ensures that the cooling air passes through an annulus. 

Canister storage at the West Valley facility will take place in a decontaminated 
and decommissioned reprocessing cell [65]. 

The Savannah River and Hanford canister storage systems are modular, with 
Savannah River using a single stacked array of canisters and Hanford stacking 
canisters two high. The Savannah River canister storage building is capable of stor-
ing canisters from 5 years of production (approximately 2200 canisters). Add-on 
storage capability for an incremental 5 years of canister production is also provided. 
Filled canisters are moved from the vitrification building to the canister storage 
building with a shielded canister transporter. The canisters are then stored in a 
shielded and seismically hardened vault. Vault cooling is provided by a forced air 
convection system that uses HEPA filtration. The cooling system maintains the 
canister centreline temperature below 500°C. 
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1 Storage canister 
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oo FIG. 42. WIP storage canister and storage unit. 



FIG. 43. A VM storage area — the upper slab. 

6. SAFETY CONSIDERATIONS 

Each vitrification facility has to undergo a safety assessment to obtain licens-
ing/approval for building and operation. The objective of the safety assessment is to 
demonstrate to the various designers, operators, local representatives and regulatory 
bodies that the proposed facility will have an adequate level of safety. The assess-
ment is based on the comparison of the risks expected from the facility with the cor-
responding safety criteria. Every facility must account both for nuclear hazards, 
s ince they have to deal with highly radioactive materials, and non-nuclear hazards, 
which are similar to those taken into account in some industrial fields and other 
nuclear plants. 

6 . 1 . N U C L E A R H A Z A R D S 

Nuclear hazards exist in any possible dispersion of radioactive materials 

( i .e . from their containment), as wel l as in personal exposure to radioactivity, criti-

cality, radiolysis of aqueous liquids in various areas of the facility and heat release 

due to radioactive decay. 
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FIG. 44. WVP air cooling storage system (VPS). 
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FIG 45. (a) Storage facility for WIP canisters at Tarapur; (b) inside view of the north side 
of the storage vault. 
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6.1.1. Radioactive material dispersion 

A radioactive material dispersion may be due to weak points in the first con-
tainment barrier or to an accidental break in this barrier. 

This hazard is minimized by employing proper plant design and by using 
several containment systems. The first containment system consists of two barriers: 

(1) The first is composed of the equipment (tanks, pipes, process filters, etc.) 
directly in contact with radioactive materials. 

(2) The second barrier includes the active area where all the radioactive sources 
are located and the extension of this area, such as ventilation ducts upstream 
from the first stage filtration. 

The purpose of the second barrier is to prevent activity dispersion in the event 
of a break in the first barrier and to ensure protection of operators against radiation. 
A comprehensive monitoring and alarm system is provided to ensure the integrity 
of the first and second barriers. 

6.1.2. Personal exposure 

Hazards result from the: 

— High activity of solutions to be vitrified, 
— Activity of glass canisters, 
— Activity of the various secondary wastes and effluents. 

The design and operation of the facility are engineered to minimize the dose 
equivalent received by personnel. The target is to limit the dose rate in both occasion-
ally used working areas and in the continuously used working areas, in order to limit 
the individual dose rates to a value which is lower than the internationally accepted 
one (0.05 Sv/a). 

Monitoring is achieved by a network of beta, gamma and neutron external 
exposure measurement equipment, by moveable equipment, if necessary, and by 
individual monitoring devices. The discharged air to the stack is monitored by a con-
tinuous sampling device. 

6.1.3. Criticality 

The criticality hazard is not considered in the facility because it can be demon-
strated that none of the vitrification facility equipment is subject to a criticality 
incident. 

Fissile material concentration in the solution transferred to the feed preparation 
tanks is monitored before transfer. It must be noticed that the presence of boron in 
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most glasses makes acceptable a Pu concentration higher than expected under normal 
operations. 

6.1.4. Radiolysis 

The radiolysis hazard is related to radiation absorption by the liquids involved; 
such absorption leads to formation of hydrogen and oxygen by water radiolysis. This 
situation relates essentially to the storage tanks. In order to avoid higher hydrogen 
concentration, the atmosphere above the liquid level is diluted by the addition of air 
or by air scavenging via the process ventilation system. 

6.1.5. Heat release 

High thermal releases occur mainly in HLLW tanks, evaporator concentrates 
and in glass canisters. 

The consequences of an uncontrolled temperature increase in the tanks are high 
corrosion rate and dispersion of radioactive materials owing to excessive boiling. 

The consequences on glass canisters may be the crystallization of the glass and 
achievement of the maximum temperatures compatible with structures in the pouring 
cell, cooling-welding cell and storage shafts. 

To avoid this problem, water cooling devices are installed in the tanks (loops, 
coils, external jacket etc.). As far as the heat release of the glass is concerned, the 
canisters are kept under ventilation at various places (welding station, testing station, 
etc.) when the specific activity of the glass justifies this precaution. When the 
canisters are in the storage area, they are submitted to the cooling system of the facil-
ity (see Section 5.3). For high specific heat release, when air-cooled pit storage facil-
ities are operated, monitoring of the concrete temperature is carried out by 
thermocouples at various points of the structure at the pits and at the outlet. In the 
event of ventilation loss, normal ventilation should automatically substitute for 
forced ventilation to avoid damage to the storage structure or the glass quality. 

6.2. NON-NUCLEAR HAZARDS LINKED TO THE PLANT 

In order to avoid accidents caused by loads such as glass canisters falling down 
from handling devices onto cell equipment, several preventive measures taken in 
vitrification facilities include ensuring the reliability of handling systems and taking 
into account the seismic hazard in the design of the handling equipment, etc. 

Even though fire hazard can be considered to be very small, the usual measures 
should be taken in order to reduce the conventional fire risk to a minimum. 

The risk of chemical or steam explosions are small also; however, they cannot 
be excluded completely and measures are therefore taken to minimize them. In many 
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cases, various interlock systems are used to prevent buildup of reactants and to 
relieve pressure. Care must be taken when formaldehyde, formic acid or sugar are 
applied as reductants to avoid violent chemical reactions. Experiments and modelling 
have proven that the risk of a steam explosion due to a contact of aqueous liquid with 
molten glass is negligible if proper working conditions and appropriate glass compo-
sitions are employed [66, 67], 

6.3. EXTERNAL NON-NUCLEAR HAZARDS 

The measures taken to minimize external non-nuclear hazards such as earth-
quakes, flooding, airplane crashes, fires and explosions outside the building depend 
to some extent on the local site conditions, but are similar to those for other, com-
parable nuclear facilities situated in the same area. Redundancies for loss of utilities 
are provided; critical systems such as emergency backup power are provided, and 
many canister storage facilities are designed to maintain cooling using natural 
convection. 

7. SUMMARY 

Since the publication of IAEA Technical Reports Series No. 176, Techniques 
for the Solidification of High-Level Wastes [2], great progress on this subject has 
been made. The AVM in France has been operated successfully for 11 years and 
France has completed construction at La Hague of two vitrification plants that are 
based on the AVM rotary calciner/metallic melter process. A similar plant is under 
construction at Sellafield. The ceramic melter process which was being developed 
during the 1970s has been chosen by several countries and is in various stages of 
application. Germany has successfully operated the PAMELA vitrification plant at 
the former Eurochemic site in Belgium. Since 1986 Belgoprocess has continued to 
operate this facility. The former USSR operated the EP-500 plant from 1986 to 1988. 
In addition, two ceramic melter vitrification plants are nearing completion in the 
USA at Savannah River and West Valley and plans are being made to use this 
technology at Hanford as well as in Japan and Germany. These plants are being con-
structed on a very large industrial scale and according to all of the standard industrial 
and nuclear criteria. This major progress attests to the maturity of these technologies 
for vitrifying HLLW to make a borosilicate glass for disposal of the waste. 

The first vitrification plant in India, located at WIP Tarapur, is based on a 
metallic pot melter process and is close to full scale radioactive operation. The con-
struction of the WIP Trombay is in an advanced stage and work on a third vitrifica-
tion plant has started at Kalpakkam. 
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These plants will transform the HLLW into highly inert solid waste forms, 
which up to the present have been stored as liquids at most sites. At the same time, 
these plants provide the basis for the demonstration of the safe disposal of HLW in 
deep geological repositories. 
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