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ABSTRACT

The promise of economies of scale in construction led to a great

leap forward in the size of power plants in the U.S. to 1000 MWe

or more. Traditionally, a "six-tenths power law" stated that

cost increased by only half with a doubling of plant size, re-

ducing cost per unit of capacity to 75%. While a substantial

body of engineering data supports such estimates in the absence

of contingencies, problems during construction in the past two

decades have largely nullified the expected savings.

Thermal efficiency improves with size in both coal and nuclear

plants, but there is statistical evidence that plant avail-

ability declines. These countervailing trends suggest that an

optimal size for nuclear plants may be somewhat less than

1000 MWe. Judged by a study of the cost of electricity generated

during the 1970s, however, operational savings substantially

restored economies of scale to nuclear plants but not to coal

plants.

The alternative to building larger plants is to build more small

plants. In field construction, a second plant at the same site

costs about 90% of the first, and a doubling of the number of

plants built by an architect-engineer appears to reduce average

cost to about 93%. In a variety of manufacturing industries, the

learning curve is steeper. In the few cases where learning

curves are mentioned in manufacturing studies of new energy

technologies, however, a reduction in cost to only about 90%

with a doubling of quantity is assumed. Most of the cost of new

energy technologies such as photovoltaic arrays and fuel cells

will be due to conventional equipment, structure, and manufac-

turing methods. It should therefore be possible to estimate

size-quantity cost tradeoffs with some confidence to help estab-

lish optimal plant or module sizes.
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1. INTRODUCTION

i The Energy Systems Group is studying the long-term prospects of
j energy technologies with the aim of identifying and characteriz-

! ing the major trends and interdependencies that may develop

after the year 2000. " e such trend may be toward smaller elec-

tric generating units, a development that would be of particular

interest to Denmark because of the comparatively small size of

i its electrical system.
i

! Interest in smaller units in the United States at present stems

i from the problems of the electric utilities. In recent years,

there has been little or no electricity load growth because of

depressed economic conditions and energy conservation measures.

| There is now overcapacity in electric generating facilities. No

| new plants have been started in some years; indeed, many nuclear

I plants that were planned cr under construction have been can-

i celled. Moreover, the industry is in poor financial condition.

i As a result, the industry is apprehensive about its ability to

meet the needs for new capacity when they begin to grow.

j

i One answer to these problems is the use of smaller electric gen-

i • erating plants which in their entirety or in "modules" can be

manufactured in a factory and shipped to the plant site. Shop .

fabrication is seen as practical for the integrated gasifi-

cation, combined cycle plant (IGCC) and the pressurized fluid-

ized bed combustion plant (PFBC). A key module in the latter is

the boiler which can be manufactured and shipped to a plant site

: up to a size of 250 MWe (Wayne 1983, p. 10). In addition, fac-

: tories can produce entire generating units of some technologies:
1 gas turbines and diesel engines today, and fuel cells and photo-

j voltaic arrays tomorrow.

I

In the face of uncertain load growth, smaller units offer the

option of phased construction with a smaller initial commitment

i of resources. Instead of the long lead times of 1000 MWe plants,
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small units can be delivered faster and probably be sited more

readily. To ease the problem of cost overruns, factory construc-

tion offers better quality control and exposure to fewer con-

tingencies during construction, such as bad weather. To ease the

problem of constricted cash flows, smaller units require a

smaller financial commitment and quicker return on investment.

Moreover, the use of multiple units in operation promises better

reliability than dependence on a single large unit (Wayne 1983).

Considering all these advantages, why is it only now that the

utilities are considering smaller units? Because larger units

have traditionally given economies of scale. In particular, the

nuclear industry went too far and too fast in deploying a reac-

tor type (the LWR) it knew too little about, according to David

Freeman, director of the Tennessee Valley Authority, and then it

moved too quickly to capture economies of scale.

"In the early years of nuclear power, utility executives were

ordering reactors in the 800-MWe to 1,300-MWe range at a time

when their only operating experience was with 180-MWe reactors",

he commented. "This basic lack of familiarity has led to con-

tinuing design changes and ultimately to the number one problem

for the nuclear industry: a lack of standardization" (McCaughey

1982).

With standardization in factory-built units, on the other hand,

"learning curve" economies in manufacturing can be anticipated.

While the learning curve has not been conspicuous previously in

the manufacture of energy technologies, it has been observed to

apply to a wide variety of manufacturing operations from the

labor-intensive aircraft industry to the machine-intensive steel

industry. There seems to be no reason to expect that the manu-

facture of electric generating units or modules should be an ex-

ception .

The purpose of this report, therefore, is to compare the effects

of scale and quantity on the cost - particularly the capital

cost - and performance of energy technologies. Is bigger better or

is smaller smarter?
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2. SCALE EFFECTS IN BASELOAD PLANTS

2.1. Scale Factor

In the construction of power plants and other large processing

facilities, it has been observed that capital costs usually do

not increase in direct proportion to plant size. An empirical

observation or rule of thumb - sometimes elevated to the status

of a "law" - is that doubling the size of the plant increases

its cost by about half. Thus, the "six-tenths-factor rule"

(Peters and Timmerhaus 1968, p. 107) or "six-tenths power law"

(Comtois 1977, p. 51) states:

Cost of unit A Capacity of unit A s

Cost of unit B Capacity of unit B

where the scale factor (s) = 0.6.

If the capacity of unit A is twice that of unit B, its cost is

about 1.5 times as much, and the cost per unit of capacity is

(1.5/2) or 75% as much.

Some examples of the scale factors that have appeared in the

literature to represent the cost of nuclear and coal plants are

shown in Figure 1.

(Note that these plots are shown on log-log coordinates. The ex-

ponential relationship describing the six-tenths power law ap-

pears as a straight line on these coordinates; it is "log-lin-

ear". These straight lines are labeled by the value of the powar

factor (s), or by the reduction in unit cost that would result

from doubling the scale (expressed as a percentage). Inasmuch as

it is the relativ.e value of large and small plants that is of

interest in this report, the monetary units shown are thos?

given in the source report. No adjustments have been made in

their absolute values to correct for time or place. Any such ad-

justment would simply translate the figures? the slope would re-
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main the same. Thus, a curve representing a scale factor of 0.6

appears as a downsloping straight line with a doubling percent-

age of 75% wherever it appears on the graph. All such lines are

parallel on log-log coordinates).

For example, a scale factor of approximately 0.6 was reported

for small and uadium (150-500 MWe) nuclear reactors by Matin

(1977), as shown by the curves of cost per kilowatt declining

to approximately 75% with a doubling of size. A more recent

estimate of the cost of scaling a nuclear reactor down from the

800-1000 MWe range to 150-300 MWe indicates a scaling factor of

about 0.5; i.e., a doubling in size corresponds to a cost re-

duction to 70% (Goldsmith 1983, p. 85). Finally, a 1969 source

cited by Helmuth (1981) compares coal and nuclear plant scale

factors. In this view, scale factor varies with scale. For nu-

clear plants, the 0.6 scale factor applies in the 580 to 870 MWe

size range with the 75% slope; the slope is reduced to 80% from

870 to 1160 MWe. From 1160 to 2320 MWe, the total plant capacity

is presumably increased with a second unit. This results in a

reduction in cost at a slope of 93%, indicating that multiple

units lead to less of an economy than larger size (a point to

which we shall return). The coal plants reported by Helmuth are

lower in absolute cost than nuclear across the entire range, but

the advantages of scaling are less. From 290 to 580 MWe there is

an 84% slope, flattening to 90 and"95% to 1160 MWe. There is.

virtually no cost reduction resulting from doubling the capacity

with another coal unit, according to this source.

This economy of scale in entire plants is the result of the

economies of scale that exist for many of its components, and

the fact that some components may be the same for a large or

small plant. A sample of the exponents (s) for equipment cost is

shown in Table 1 for a chemical processing plant. There is obvi-

ously wide variation in the economies of scale among these plant

components. The Peters and Timmerhaus textbook contains in ad-

dition about 80 pages of graphs describing how the purchased

cost of items of equipment varies with size. Other sources cited

as providing this kind of information arc Hall (1982) and the

Dodge Manuals (Dodge 1982a, 1982b).
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Table 1. Typical exponents for equipment cost vs. capacity

Equipment

Blower, centrifugal (with motor)
Blower, centrifugal (with motor)
Compressor, centrifugal (motor drive, air service)
Compressor, reciprocating (motor drive, air service)
Dryer, drum (incl. auxiliaries, atmospheric)
Dryer, drum (incl. auxiliaries, vacuum)
Heat exchanger, shell and tube, floating head, c.s.
Heat exchanger, shell and tube, fixed sheet, c.a.
Kettle, cast iron, jacketed 100 psi
Kettle, glass lined, jacketed
Motor, squirrel cage, induction, 440 volts, explosion

proof
Motor, squirrel cage, induction, 440 volts, explosion

proof
Pump, centrifugal, horizontal, a.s.
Pump, centrifugal, horizontal, cast iron
Reactor, glass lined, jacketed (without drive)
Reactor, glass lined, jacketed (with drive less motor)
Tank, Sat head, cs.
Tank, flat head, c.a., glass lined
Tray, bubble cap, cs.
Tray, bubble cap, 410 a.a.

•Size range

1-3 hp
7JS-350 hp
2O-7O-hp drive
5-300-hp drive

20-60 sq ft
16.5-40
10C-400 aq ft
60-400 sq ft

250-800 gal
200-800 gal

1-20 hp

20-200 hp
3-7.5 hp
2-7.5 hp

50-300 gal
50-300 gal

300-1400 gal
100-1000 gal

3-5-ft diam.
3-5-ft diam.

Exponent

0.16
0.96
1.22
0.90
0.36
0.20
0.59
0.44
0.24
0.31

0.53

1.00
0.61
0.21
0 41
0.18
0.66
0.57
1.20
1.43

Source: Peters and Timmerhaus 1968

The scale factors of the major elements of a large light-water

reactor (LWR) nuclear power plant - reactor plant, turbine plant,

structure, accessory electric plant, and miscellaneous plant -

used in a U.S. Atomic Energy Commission cost estimating computer

code in 1974 are shown in Figure 2.

These range from 0.6 to 0.79, and net effect on the capital

cost per unit of capacity (shown here where two identical units

are built at one site) is a scale factor of 0.69 as shown in

Figure 3. By comparison, coal plants have a scale factor of 0.78

and oil plants 0.77, according to these 1974 estimates. Per unit

of capacity, doubling the plant size would thus decrease costs

to 81%, 86%, and 85% for the light-water reactor, coal, and oil,

respectively, as indicated in the figure. Thus, in 1974 the AEC

judged that the six-tenths power law - which should lead to a

reduction in cost to 75% by doubling the size - was not strictly

applicable. Nuclear plants, however, were judged to "scale bet-

ter" than fossil-fired plants, i.e., enjoy greater economies of

scale with increasing size.
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In research sponsored by Brookhaven National Laboratory, scale

factors on a wide variety of energy facilities were estimated,

largely by Stanford Research Institute, under contract to the

Bechtel Corporation, as reported in Hogle et al. (1976) and

summarized in Table 2. In these estimates, the scale factor for

coal power plants was 0.6 and for oil and gas power plants 0.7.

The precision of these engineering estimates is probably

suggested by their being reported to one significant digit, and

in many cases the numerical estimates ar. highly qualified in

the accompanying text. Scale factors found elsewhere in the

literature for a variety of energy technologies are tabulated

in Table 3.

2.2. Increases with Time

Beginning with the "turnkey era" in nuclear tower from 1963 to

1966 when the major U.S. reactor manufacturers sold thirteen re-

actors at fixed prices that were probably intentionally below

cost (Burness et al. 1980), however, economies of scale proved

hard to capture in nuclear power plants. The increase in esti-

mates of costs by the DSAEC from 1968 to 1973 is shown in Figure

4. Almost half of this fivefold increase is due to time-related

costs: escalation and interest during construction.

A common explanation of the growth in the cost of nuclear power

plants is the delays that have occurred during construction dur-

ing which the costs of interest and escalation have apparently

overtaken any economies of scale.

To sort out the various factors thai: affect the cost of recently

built power plants, statistical studies have been made by Mooz

(1981) and Komanoff M981)*). Multiple regression analysis is

*' The Komanoff report has been criticized by spokesmen for the

nuclear industry primarily on the basis of its extrapolations

of trends in nuclear and coal costs. There appears to be no

quarrel with his data base or statistical methods.
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Table 2. Scale factors on capital cost of energy technologies, I (Hogle et al. 1976)

Page Technology Nominal

size

Scaling

factor

Range of

applicability

Comments

14
23
32

40

48

56

86

106

125

133

COAL

Room and pillar mine

Strip mine

2(10)6 ST/YR 0.8

1 to 6 ( 1 0 ) 6 ST/YR 0. 9

0.6Coking coal preparation 2(10)6 ST/YR
plant

Steam coal preparation 6(10)6 ST/YR
plant

Breaking and sizing prep. 1.5(10)6 ST/YR
plant

Coal slurry preparatior 50(10)6 ST/YR
& dewatering facilities

Coal-fired power plant 800 MWe

Electricity transmission 500 KVAC

Local electricity
distribution

130 MWe

0.6

0.5

0.95

0.6

0.7
1 .0

0.7

161

170

176

NATURAL GAS

Extraction

Hydrogen sulfide removal
plant

3(10)6

50(10)6

CF/D

CF/D

0

0

0

0

0

.9

.9

.7

.7

.7

500-1000 NWe

Onshore

Offshore

Affected by geologic
conditions; use with
caution

With respect to MVA capacity
With respect to line length

Specific to classes of
customers; representative
of mix of industrial and
residential

With respect to production
rate

50-300(10)6 CF/D Single train

several (10)9 CF/D Multiple trains

10-70 LT/D Single train sulfur plants

Continued



Page • Technology Nominal

size

Scaling

factor

Range of

applicability

Comments

187

194

202

211

220

233

240

249

257

Natural gas liquids
separation plant

Pipeline

Alaskan onshore
extraction

Alaskan pipeline

Alaskan LNG export
facility

LNG import facility

Gas-fired power plant

Municipal distribution
system

Underground gas storage
facility

220( 10)6 CF/D

<830( iO)6 CF/D

>830(10)6 CF/D

1.0

3.65(10)6
BBLS LNG/D

800 MWe

0.55

0.65

0.85

0.7

0.95

0.8

0.95

0.8

0.7

0.95

0.5(10)9 CF/D to

3(10)9 CF/D

75-250(lO)6 CF/D

<3.5(10)9 CF/D

>3.5(10)9 CF/D

<3(10)9 CF/D

>3(10)9 CF/D

500-1000 MWe

25-100(10)6 CF/D

For a process train of
given capacity

24-inch to

40-inch pipelines

Ba^ed on primary input

Based on output

Based on throughput

to

i

0.85 20-150(10)9 CF Depleted gas field for
storage

266

275

283

312

290

PETROLEUM

Extraction

River barge

Crude pipel

250

4000

BBL/D

BBL/D

0.

0.

0.

0.

0.

Q

9

8

55

65

Onshore

Offshore

30-300(10)

1-10(10)3

<800(10)3

>800(10)3

3 BBL

HP

BBL/D

BBL/D

With respect to production
rate

Barge capacity

Tug size

Pipe diameter of 24 to 48
inches &
length of 200-1500 miles

Continued



Page Technology Nominal

size

Scaling

factor

Range of

applicability

Comments

297

304

318

330

336

344

352

362

370

378

386

400

Crude tanker

High-gasoline refinery

Products pipeline

Products tank truck
facility

Products bulk station

Oil-fired power plant

Alaskan onshore
extraction

Alaskan pipeline

Alaskan crude export
facility

70(10)3 BBL/D

0.7

0.6

0.75

0.7

1.0

17.25(10)6 BBL/YR 0.92

800 MWe

<2(10)6 BBL/D

>2(10)6 BBL/D

Onshore import facility 1(10)6 BBL/D

Offshore import facility

Underground crude
storage facility

50(10)6 BBL

0.7

0.85

0.7

0.95

0.85

0.95

0.95

0.9

65-265(10)3 DWT

4-18(10)3 NM

100-200(10)3 BBL/D Based on primary input

>200(10)3 BBL/D

Based on primary output

5-10(10)3 GAL Based on capacity

Based on products
throughput

Based on HVA rating

100-600(10)3 BBL/D Based on crude petroleum
output

0.8-3(10)6 BBL/D Based on primary output

0.5-3(10)6 BBL/D Based on crude throughput

0.5-4(10)6 BBL/D

1-6

1-24

Based on throughput

Throughput

Single-point moorings

Miles of pipeline

ABBREVIATIONS:

BBL barrel
BTU British thermal unit
CF cubic feet
D day
DWT deadweight ton
GAL gallon (U.S.)

HP horsepower
LNG liquefied natural gas
MWe megawatts electric
NM nautical miles
ST short tons
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Table 3. Scale factors on capital cost of energy technologies, II

Scale
factor

0.83

0.7-0.8

0.5

0.6

Technology

Conventional
coal-fired
steam-electric
power plants

Conventional
coal and
nuclear power
plants

Small nuclear
power plants

Small and
medium nuclear
reactors

Component

Complete

Complete

Complete

Complete

Reference

U.S. Federal Power
Commission, per
Fraas 1982

Comtois 1977

Goldsmith 1983

Matin 1977

Page

255

53

85

382

0.68 Pressurized
fluidized bed,
combined cycle

Complete Rubow et al. 1982 8-57

0.8

0.3-1.2
0.6 typical

1.0

1.0

0.71-0.88

0.49.

Integrated
gasification
combined cycle

Fuel cells

Fuel cells

Fuel cells

Photovoltaics

Heat pumps

Complete

Equipment

Fuel cell

Fuel cells
for trans-
portation

Solar cells

Complete

Wayne 1983

Bloomfield & Heller
1982

Huff & Murray 1982

Barnett 1982

Ramet et al. 1983

10

23

23

20

937

305
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used in these studies to establish a correlation between the de-

pendent variables of plant capital costs or construction dur-

ations, on the one hand, with a variety of independent or "ex-

planatory" variables, on the other. The relationship between the

dependent variable and any of the independent variables depends

in part upon the choice of all such independent variables which

in turn depends upon a series of trials in which the signifi-

cance of the candidate independent variables can be measured.

Both Mooz and Komanoff use as a candidate explanatory variable

some measure that increased with time during the 1968-1978

period in which the plants were licensed for construction. Mooz

uses the last two digits of the calendar year in which the con-

struction permit was issued. For nuclear plants, Komanoff uses

cumulative nuclear capacity, the total megawattage of nuclear

plants as each is added, beginning with 9800 MW of the 15 com-

mercial plants predating the sample. This variable, according to

Komanoff, "appears to capture more of the societal processes

that give rise to new standards". Similarly, cumulative coal

capacity is used for coal plants. This temporal factor proves

to be most significant in most of the regression equations that

are derived. The influence of other factors thus represents

variations around this temporal trend.

As regards the effect of plant size on construction duration,

Mooz and Komanoff find opposite results. For the nuclear plants

in his study, Mooz says, "To the extent that economies of scale

in construction time exist, they are quite small over the range

of plant sizes in the data base. For an 1150 MWe plant, one can

say only that the time saving would be about 5% over what would

be estimated by assuming no economies of scale at all" (p.208).

On the other hand, Komanoff found that construction time corre-

lated directly with nuclear plant size at the 99.9% significance

level. The effect is such that a doubling of unit size produced

a delay of 28% in construction time (p. 208). For coal plants,

unit size had by far the most significant correlation with pro-

ject duration, well beyond the 99.9% level. A doubling of unit

size extended the project duration by 13% (p. 223).
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2.3. Statistical Studies of Capital Cost

Both Mooz and Romanoff have also analyzed the capital cost per

kilowatt of installed capacity in power plants. In the Komanofc

report, it is made clear that the capital costs reported by the

utilities to the federal government have been adjusted for in-

flation and that they do not include interest paid during con-

struction. Using the logarithms of the variables, the coef-

ficients obtained in the linear regression equation are the

same as exponents in a multiplicative function representing

capital cost. The complete equations are given in Table 4 for

Mooz and Tables 5 and 6 for Romanoff.

Table 4. Nuclear Capital Cost Regression Equation (Mooz 1981)

Log cost/kWe = - 7.6331 + 0.20759CPIS

(4.70) (8.73)

+ 0.32395LOC1 - 0.15372LN;

(4.55) (-4.42)

where CPIS date construction permit issued (January 1970 =

7Q.00, etc.)

LOC1 FERC Region I

LN natural logarithm of N

N cumulative number of LWR plants by each

architect-engineer

R2 = 0.64; S.E. = 0.227; F = 29.83; n = 54.

t statistics are shown in parentheses below each coef-

ficient

Source: Mooz 1981, p. 217, Equation 14.

With respect to the scale factor, Romanoff found that capital

cost per unit capacity varied with the -0.2 power of the plant

megawattage, so that doubling the plant size would reduce cost
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per kilowatt to 87%, equivalent to a scale factor of 0.8. Mooz

found that cost appears to increase linearly with the size of

the plant with no sizable diminution in unit cost as the size

increases (p. 217). That is, the scale factor is 1.0. With re-

spect to the scale facto*- of coal plants, Komanoff found "only

a weak effect", a 3% reduction for doubled size which had only

82% statistical significance. In all three cases, therefore, it

is clear that any scale effects are much less than the tra-

ditional factor of 0.6.

2.4. Learning Effects

In Romanoff's results, nuclear reactor costs declined as the

number of reactors built by an architect-engineer (A-E) in-

creased. With a doubling in the number, cost per kilowatt

declined to 93%. This result was highly significant statisti-

cally. A 95% confidence interval ranged between a 5% and 9% re-

duction in cost with each doubling (p. 200). Mooz also found

that A-E experience was significant, but the form of his

equation makes it difficult to compare the relationship quanti -

tatively.

Learning effects will'be discussed in detail in the following

section, but a note on this A-E "learning curve" is in order

here. It is the more remarkable for the fact that the individual

electric utilities that are the clients of the A-E firms are

anxious to make their own decisions on the major systems and

components of such plants and thus resist hardware standardi-

zation. This was demonstrated by the eagerness of the industry

to resume "standard procurement and construction concepts"

rather than continue accepting turnkey nuclear plants that were

being offered to them below cost in 1962-1966 (Burness et al.,

1980, p. 194).*)

*) That this desire on the part of utility officials to design

their own plants is international has been pointed out to me

by N. Kilde, Riso National Laboratory, Denmark, and

B. Leckner, Chalmers Technical University, Sweden.
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Table 5. Nuclear Capital Cost Regression Equation (Komanoff

1981).

Capital Cost ($/kW, without IDC, in mid-1979 steam-plant

dollars) =

6.41 *

1.28 if Northeast *

A_E-.1O5 x

MW~ »200 x

.903 if Multiple *

1.34 if Dangling *

1.20 if Cooling Tower *

(Cumulative Nuclear Capacity)«577

T-ratio

2.60

6.56

6.19

2.54

2.48

4.73

5.22

13.55

Significance

Level (%)

99.2

99.9+

99.9+

98.5

98.2

99.9+

99.9+

99.9+

r2 = .923

Adjusted r2 = .908

F value = 64.7

Sample size = 46 units

The absolute value of all pairwise correlation coefficients is

less than .34 except for .435 between cumulative nuclear ca-

pacity and multiple status.

See Komanoff, Appendix 4, for an explanation of statistics.

Source: Komanoff 1981, p. 199
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Table 6. Coal Capital Cost Regression Equation (Koraanoff

1981).

Capital Cost ($/kW, without IDC, in mid-1979 steam-plant

dollars) =

.234 x

1.14 if Northeast *

1.26 if West *

.76 if South Central *

.86 if Southeast (not Southern

Company) *

.73 if Southern Company *

1.18 if American Electric Power *

.904 if Multiple unit *

1.26 if Scrubber x

(Cumulative Coal Capacity)«615

T-ratio

.89

1.81

5.47

4.51

3.09

5.88

2.26

3.25

4.86

4.36

Significance
Level (%)

62.3

92.7

99.9 +

99.9 +

99.7+

99.9+

97.4

99.8

99.9+

99.9+

r2 = .679

Adjusted r2 = .652

F value = 24.9

Sample Size = 116 units

All pairwise correlation coefficients have an absolute value

equ L to or less than .36.

See Komanoff, Appendix 4, for an explanation of statistics.

Source: Komanoff 1981, p. 215
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Table 7. Effect on capital cost/kW of doubling (statistical

results)

Mooz 1981 Komanoff 1981

54 nuclear plants 46 nuclear 116 coal plants
'68-'78 plants '72-'77

'72-'78

Plant size
(MWe)

Experience

Plants at
one site

Temporal
factor

Plant
location

Reference

Not significant

Significant
(A-E)

N.S.

Most
significant

Significant

p. 217
Equation (14)

0.87

0.93
(A-E)

0.95

Most
significant

Significant

p. 199
Table 8.1

Not significant

Not significant
(Boiler manu-
factirer)

0.95

Significant

Significant

p. 215
Table 9.1
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A second manifestation of "learning" in the construction of

baseload plants is the experience in building more than one

unit at a site. According to Komanoff, a second plant - either

nuclear or coal - costs about 90% of the first, reducing the

average cost of the two plants to 95%. Mooz used a more restric-

ted data set for multiple plants and found insufficient stat-

istical evidence to demonstrate a difference in capital costs

of plants built as duplicates (p. 218).

By comparison to these ex post statistical studies, the USAEC in

their 1974 report estimated that the cost of a second unit lagr-

ging the first by one year would be approximately 85 to 90% of

the cost of the first, including interest and escalation to com-

mercial operation. If the second unit were to lag the first by

more than about one year, however, the added escalation and

interest would more than offset the savings (pp. 73 and 74).

The Mooz and Komanoff statistical studies are subject to the

usual caveats about causality. Moreover, their plausibility

depends upon the use of a temporal factor as an explanatory

variable, the choice of which is apparently sensitive enough to

determine whether larger size seems to increase (Komanoff) or

decrease (Mooz) construction time.

2.5. Effect of Scale on Performance

Capital costs may be disproportionately important in the choice

of the scale of a new power plant, especially under the present

strained financial conditions, but they are not the entire story.

With increasing size, there are changes in efficiency and per-

haps other aspects of performance such as plant availability.

An industry portrayal of the net effect of these changes is

given by McMahon (1981). Replotting the data in that paper on

log-log coordinates in Figure 5 reveals the assumptions.

The capital costs of nuclear plants exhibit a decline of 66.5%

with doubled quantity equivalent to a phenomenal scale factor
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of 0.411. Coal plants decline at a doubling rate of 78% to the

600 MWe size, and then at 89%, scale factors of 0.64 and 0.83,

respectively. McMahon discusses economies of scale, but with

respect to cost of electricity rather than the usual capital

costs (p. 106). By the normal standards of scientific reporting

- namely, that it be open, explicit, and verifiable - this re-

port can be judged explicit.

In thermal efficiency, the coal plants enjoy a slight advantage;

efficiencies in both types of plant improve with increasing

size. When the cost of fuel and other operating expenses are in-

cluded, however, the levelized busbar cost of electricity from

a nuclear plant is found to be less at sizes above about 700

MWe. The busbar cost declines at a rate of 68% with each doub-

ling and shows no signs of leveling off even at the 1200 MWe

level (which may raise the question as to why one should stop

there). By comparison, the busbar cost declines at only a 90%

rate with doubling of the size of coal plants, beginning at

about 600 MWe.

The capital cost of a second plant at the same site would cost

82% of the first, according to McMahon. Its levelized annual

busbar cost would be 95% of that of the first coal plant or 91%

of that of the first nuclear plant.

McMahon concludes that, in spite of its higher capital cost and

lower thermal efficiency, the nuclear plant is less expensive

than coal at sizes greater than about 600 MWe because of other

aspects of its performance. One of his assumption is that the

capacity factor is the same 70% for all plants.

This assumption has been questioned, most recently by Goble and

Hobenemser (1979). In a statistical analysis of the capacity

factors of 58 nuclear reactors over 265 reactor-years of oper-

ation, they concluded that there is a pronounced decrease in

capacity factor with ii.creasing size as shown in Figure 6, which

is not due solely to the fact that larger plants are newer.

Small plants have a well-defined "learning curve" which reaches

design performance after about four years, but large plants show
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CAPITAL. <oeers

Y

r- /5O.

Figure 5. One estimate of scale effects on coal and nuclear

power plants
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little if any evidence of maturing from their initial value of

about 55% (± 5%), they say, although some distinction can appar-

ently be made between PWRs and BWRs in this respect.

400 600 800 1000
PLANT SIZE (MW)

Figure 6. Variation of nuclear capacity factor with

power plant size (Goble and Hohenemser 1979).

This apparently verifies a similar result obtained earlier by

Komanoff (1976) (Helmuth 1981, p. 18). Similarly, the largest

fossil plants have the poorest availability records (Balzhiser

1978).

An industry response reported by Goble and Hohenemser:

"For future planning, most of these conclusions are tenable only

if correlation of performance vs. size, type, etc., reflect

causal relationships, and only if the future must slavishly

imitate the past "(p. 35).

An analysis of possible reasons for degraded availability with

size - for example, because of more numerous working parts -

would be germane.

Assuming that plant availability declines with size but granting

a scale factor that reduces capital cost with size, Lucas (1979)

has made an analysis that indicates that these two counter-
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vailing trends lead to an optimal size for nuclear reactors on

the order of 50-0-600 MWe, as shown in Figure 7.

200

E
ff/kWyr)

150

500 1000 1500
MW

Figure 7. An estimate of optimal size of a nuclear power

plant (Lucas 1979)

2.6. Statistical Study of Electricity Cost

The most comprehensive analysis of the effect of scale on the

cost and performance of electric generating plants appears to

have been made by Helmuth (1981). Helmuth insists on the im-

portance of a model of scale and learning that is reconciled

with economic theory. He cites Alchian (1959) as providing the

fundamental work in this respect. Helmuth formulates a model in

which the total cost of electricity generated is a function of

net generation (the amount of electricity generated per year),

plant factor (capacity factor), cumulative net generation (a

measure of learning in each plant), average plant age, the dis-

tinction between PWR's and BWR's among nuclear plants and between

indoor and outdoor coal plants, and the input prices of fuel,

labor, and capital. A log-linear relationship between electricity

cost and all quantitative variables is assumed.
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Helmuth notes the interrelation between net generation, plant

factor, and plant generating capacity that makes it possible to

calculate one from the other two, and he chooses to drop plant

generating capacity as a variable. Unfortunately, as he notes

(p. 1 4 4 ) , the correlation between plant factor and net gener-

ation then makes it difficult to separate the effects of scale

economies from the effects of plant factor.

A statistical analysis using this model is made using cost

data reported to the Federal Energy Regulatory Commission from

1971 to 1977, consisting of 131 nuclear and 161 coal obser-

vations. The results indicate that the cost of electricity is

significantly related to net generation and plant factor in

both nuclear and coal plants. Shown in abbreviated form in

Table 8, Helmuth's results indicate that single nuclear plants

Table 8. Total Cost of Electricity from Nuclear and Coal Power

Plants (Helmuth 1981

Coefficients for

Net generation

Plant factor

Cumulative net
generation

+ other variables

R2
S • E . E •
Sample size

).

Single

0.622
(5.73)
-0.449
(-4.13)

0.023
(0.30)

0.939
0.13826

101

Equation

Nuclear

Multiple

1 .39
(2.76)
-0.833
(-2.17)

-0.797
(-1.80)

0.93
0.13646

30

Coal

Single

1 .08
(15.27)
-0.378
(-4.48)

-0.081
(-1.28)

0.977
0.07906

52

Multiple

0.967
(12.93)
-0.582
(-7.32)

-0.078
(-1.19)

0.98
0.09227
109

t statistics are shown in parentheses below each coefficient
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show a scale factor of 0.622. Taking net generation as a measure

of plant capacity, this is remarkably close to the traditional

scale factor of 0.6 on capital cost. Either operating economies

overcome the effect of capital cost in these results, or the

difficulties with larger plants had not caught up with elec-

tricity generating figures during this time period.

For multiple nuclear plants, however, the scale factor of 1.39

indicates negative returns to scale, contrary to most results on

their capital cost.

For coal plants, single or multiple, there are constant returns

to scale: a scale factor not significantly different from 1.0.

There was a learning effect in coal plants over the 1971-1977

time period, however, with the exponents on cumulative net gen-

eration of -0.081 and -0.078 for single and multiple plants,

respectively, representing a decline with doubling to about 95%.

Electricity cost actually increased with cumulative net gener-

ation of nuclear power during this period, but the effect was

not statistically significant.

2.7. Summary-Scale Factor

A large body of engineering data supports the expectation that

economies of scale should occur in the field construction of

baseload plants - whon things go right. For almost two decades

in the U.S., however, the construction of both nuclear and coal

power plants has not gone right, and the problems can be attri-

buted in some measure to the large size of the plants under con-

struction. Large plants take a long time to build, and this in-

creases the real cost of interest paid during construction -

which now amounts to about one-quarter of the capital cost of a

nuclear plant - as well as the apparent cost in price escalation.

Statistical studies support the observation that in practice the

scale factor on capital cost is a good deal larger than the

traditional 0.6 and that economies of scale, especially for coal

plants, may even be nonexistent. On the other hand, the cost of

a second plant at the same site is evidently about 90% of the
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first. Moreover, a learning effect on the same order is apparent

as an architect-engineer gains experience in plant construction.

; Engineering studies generally specify a range in which scale

; factors may be expected to apply. Howe, r, the possibility that

the scale factor may vary with scale itself seems not to have

: been investigated.

Performance is also affected by the size of base load plants.

Thermal efficiency of both nuclear and coal plants improves with

size, and a statistical study of the 1971-1977 time period sug-

gests that nuclear plants, as judged by the cost of delivered

electricity, demonstrated significant economies of scale. How-

| ever, there is also some statistical evidence that the avail-

ability of nuclear plants declines with size. In this case, big-

i ger may not be better indefinitely. Indeed, the optimal size of
i

even field-fabricated nuclear power plants may be considerably

less than 1000 MWe.

3. MANUFACTURING LEARNING CURVES

The alternative to increasing the size of a generating plant to

obtain greater capacity is to increase the number of plants. The

economies of building multiple units at a single site have been

noted in the previous section. With the manufacture of modules

or complete smaller electric generating units in a factory, how-

ever, the economies of quantity production should be much more

significant.

In a wide variety of manufacturing operations, cost per unit has

been observed to decline with increasing numbers of units ac-

cording to a learning curve. While the term "learning curve" is

often used rather loosely to describe any improvement in ef-

ficiency over time, in the strict sense used here it describes

a quantitative relationship between product cost and quantity
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manufactured; This is often very regular in certain kinds of

manufacturing. As used here, their term applies to a single

type of product manufactured in a single factory. Whether this

learning can be transferred to another manufacturer is doubtful.

3.1. Applicability of Learning Curves

Learning curves were apparently first reported by Wright (1936)

in the aircraft industry. Experience in building airframes in

World War II greatly expanded the data supporting the phenomenon,

and the definitive report on learning curves by Asher (1956)

describes this experience.

According to Jucker and Tsukatani (1978), it has been observed

that average cost of product declines at a constant rate with

increasing number of units in many, if not most, industrial

processes. They cite applications to production and manpower

planning, purchasing, cost estimation, lot-size determination,

capacity expansion, investment in foreign operations, business

strategy, and efforts to understand and explain the extent and

sources of technological progress (p. 118).

While the learning curve was first observed to apply to labor-

intensive assembly operations, there is evidence chat a similar

phenomenon occurs during "startup" periods in capital-intensive

manufacture that may extend over a period of years. Citations

can be found of the application of learning curves to the manu-

facture of basic paper products, glass containers, electrical

conductor and electronic switching components, and wearing ap-

parel, to steel tempering mills and continuous steel casting,

and to clerical operations (Baloff 1966, 1970, 1972: Henderson

1978).

Roberts (1983) cites The Boston Consulting Group (1970) as

showing that the learning curve is applicable to a wide variety

of commodities, and the Systems Analysis Research Unit (1981) as

showing that there is a decline in the energy requirement per

unit that follows the same function in a range of products.



- 31

Outside of manufacturing, the learning curve describes ac-

cident experience in the petroleum and mining industries and

traffic fatalities in the U.K., according to Roberts' citations.

In Section 2.5, a learning curve in the improvement in the

capacity factor of electricity generating plants was discussed.

3.2. The Learning Phenomenon

Like the scale factor, the learning curve is an empirical re-

lationship that has beer observed, not a theoretical model.

Various explanations of the phenomenon have been given, however.

According to Baloff (1966), the causes of the learning phenom-

enon have typically been attributed to "learning" or "adap-

tation" on the part of direct-labor employees, particularly

those involved in the assembly operations of manufacture. As

they gain experience in the performance of a repetitive assembly

task, they "purportedly" make large improvements in their manual

facility with the task, and significant overall gains in direct-

labor productivity result. Baloff believes, however, that the

phenomenon usually results from an integrated adaptation effort

on the part of a variety of direct-labor, indirect-labor, and

technical personnel, and it relies primarily on "cognitive"

rather than manual learning (p. 277).

Roberts (1983) has proposed a new theory of the learning process

based on the assumption that learning resembles a search program

using the branch-and-bound algorithm. He has demonstrated that

the log-linear learning curve form can be derived from simple

basic assumptions about the learning process and about "the

distribution of performance index among the population of poss-

ible structure combinations."

Buckland (1982) offers anecdotal evidence for continued learning

from interviews with the managers of steel plants:
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"In work-up it's recognition of basic diagnostic skills.

Afterwards it's perceiving opportunities to make what

you have work better".

"In the ongoing situation it's rather more serendipity

effects that matter: your react intelligently to happy

accidents. Whereas in the work-up period you have firm

targets to which you're committed".

"You'll always find that, no matter how well you've done

it (the initial project), you'll find that you can im-

prove on it. This is always a big surprise to me, that

every generation seems to get move out of a plant than

the last generation left behind. Without a lot of money:

it has always been a surprise to me".

The justification for anticipating a learning curve in the manu-

facture of energy technologies does not rest on speculation as

to the reasons for it, however, but on the' fact that it has

satisfactorily described many varied manufacturing operations.

3.3. Learning Curve Model

The most common model of the manufacturing learning curve is a

hyperbolic relationship between the cumulative average cost (y)

and the quantity manufactured (n), as illustrated in Figure 8.

Plotted on log-log coordinates, the cumulative average learning

curve appears as a straight line.

The example shown is an 80% learning curve. With each doubling

of the quantity, the cumulative average cost - that is, the

total accumulated cost divided by the number of units - is re-

duced to 80% of its previous value. With the cost of the first

unit at unity, for example, the cumulative average cost of the

first two units is 0.8, cumulative average cost of the first

four units is 0.64, etc.
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The equation describing this relationship is

y = an*3

where a is the cost of the first unit. For the 80% curve, the

value of b is -0.322; that is, (2)-°«322 = 0.8.

The total cost of n units is then obtained by multiplying the

cumulative average cost by n to give

Ey = an 1+b

As shown in the figure, this total cost curve is also a straight

line on log-log coordinates.

The distinction between the cumulative average curve and the

unit curve describing the cost of each individual unit should be

noticed. For an 80% cumulative average curve, the cost of the

second unit must by 60% of the first, so that the total cost is

1.6, and the average cost is 0.8. The series of unit costs lead-

ing to an 80% curve is illustrated for the first ten units.

These unit costs approach an asymptote which is the marginal

cost of the continuous curve representing total cost. This can

be obtained by differentiating the total cost (Ey) with respect

to n to obtain

y = a( 1+b)nb .

It is apparent in the figure that the unit costs diverge very

little from the asymptote after only 5 or 6 units, and therefore

the asymptote may be used to represent the unit cost curve

beyond this point. It is sometimes unclear in the literature

whether a cumulative average or unit curve is being used. If

only the slope of the learning curve is of interest, it doesn't

matter inasmuch as the curves have identical slopes, as indi-

cated by the exponent b. Moreover, the adjustment between the

two is easily made inasmuch as their ratio at any unit number is

given by the factor (1+b) which is a function only of the slope.
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Figure 8. Learning Curve Relationships
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In some cases, a model in which the unit cost curve - rather

'than the cumulative average curve - is linear on log-log coordi-

nates is considered to be more appropriate to the process de-

scribed. A similar set of relationships can be worked out to

describe the cumulative average curve and the total cost curve

under these circumstances. A thorough explanation of learning

curve relationships is given by Asher (1956).

The learning curve relationships have been used as a "manufac-

turing progress function" to represent improvements in ef-

ficiency over time in process industries such as the steel in-

dustry where plant output is not measured in discrete units.

(Henderson 1978? Baloff 1966, 1970, 1972). In this case, the in-

verse of cost per unit is used as the measure of efficiency, the

exponent b is a positive fraction, and the graph on log-log

coordinates is an upsloping line. Efficiency is measured against

maximum theoretical output in some time period; hence, the up-

ward slope must reach a leveling off point.

Whether the learning curve or manufacturing progress curve im-

plies continuing improvement over an endless quantity of units

is a question sometimes raised. For extremely large quantities,

the continued improvement represented by a learning curve rep-

resents miniscule reductions in cost. The point is not that im-

provement must continue indefinitely, however, but that for

actual production histories the learning curve has served as an

adequate model in the range of practical interest.

3.4. Learning Curves for Energy Technologies

Unlike scale factors, learning curves for the manufacture of

energy technologies are sparse in the literature,- This is not

for the lack of comprehensive studies of the cost of new energy

technologies. Typically, however, such studies are very specific

as to the size of the technology and the number to be manufac-

tured. The question as to he./ economies of scale might trade off

with economies of multiple manufacture simply isn't asked. To

decide on the optimal size of modules of energy technologies,

such tradeoffs should be studied.
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For example, a manufacturing cost analysis of 1980 vintage

photovoltaic arrays was performed by General Electric for

Sanjia National Laboratories (Chan 1382). On a single page

(p. B-10) in the appendix of this 160-page report, cost per

array is shown as a function of number of arrays. This infor-

mation is attributed to the Jet Propulsion Laboratory, provided

at a project integration meeting, and it is apparently unrelated

to the rest of the very detailed manufacturing analysis. This

cost-quantity relationship, shown here as Figure 9, proves to be

a series of 91% learning curves when replotted on log-log coor-

dinates (Figure 10).

Sandia National Laboratories also solicited me ufacturing and

cost analyses from four manufacturers of second-generation

heliostats, the reflectors used in a power tower system, as re-

ported by Norris and White (1982). The unit size and quantity to

be manufactured were specified to assure comparability among the

four studies. Two of the respondents - probably because they are

aircraft manufacturers - volunteered information on the learning

curves they assumed, however. Northrup Inc. (1981) used a 90%

learning curve (p. 2-5), and McDonnell Douglas used the gradu-

ally flattening learning curve shown in Figure 11, scaled from

Steinmeyer (1981), p. 10. A cost range is shown declining at

87.5 to 88% for the first 30,000 units, flattening to about 91

to 93% to 3 million units where it further flattens to about

95-96%.

The learning curves reported in these three studies, ranging in

slope from 87.5% to 91% in their initial stage, are notably

flat. In the aircraft industry, the 80% learning curve enjoys

the same traditional authority that the 0.6 scale factor enjoys

elsewhere. In the decades following World War II, learning curve

slopes - which basically determine the price of military air-

planes in the U.S. - were gradually negotiated upward to the

range of about 85% as aircraft company costs were allocated over

fewer airplanes per year. Without stretched-out production, how-

ever, 78% curves are not unknown, and Gallant (1968) reports a

remarkable 62%. The .nanufacturing progress functions for start-

up of a continuous steel casting process reported by Henderson

are typically the equivalent of about 73%.
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Moreover, judging by the statistical analyses described in Sec-

tion 2.4, these learning rates of 87.5 to 91% are little better

than those experienced in field fabrication of baseload plants.

A second plant at the same site costs about 90% of the first

(a 95% learning curve), and a doubling of the number of plants

built by an architect-engineer may reduce costs on a learning

curve of about 93%.

On possible reason for the unusually flat slope of the three

learning curves for energy technologies may be the mixture of

make-or-buy decisions. If a large proportion of the total cost

consists of purchased parts, the learning curve economies may

be diluted with continuing costs that remain more or less fixed,

In future cost studies where size-quantity tradeoffs are ad-

dressed, the basis for the slope assumed for learning curves

should be examined.

3,5. Effect of Production Rate

Manufacturing cost depends in part upon the rate of production,

as suggested above, but it is not clear to what extent this af-

fects the learning curve. According to Gallant (1968), the slope

is not influenced appreciably by the number of units produced

per month in the aircraft industry (p. 1247).

In the manufacture of heliostats reported by Steinmeyer (1981)

the effect of production rate is estimated as follows:

67,500 units per year $ 84.20 per unit

50,000 87.90

25,000 99.60

The manufacturing operation is designed for a production rate of

50,000 units per year. A 35% increase in production rate can be

achieved with the use of extra shifts, resulting in a reduction

in cost per unit of about 4 to 5%. Halving the production rate

results in an inefficient use of the fixed facilities, leading

to an increase in cost per unit of 13 to 14%. As shown in Figure
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Figure 12. Solar cell cost vs. plant capacity
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11, this variation is within the range of uncertainty of the

learning curves at 400,000 units. From this analysis it is not

evident to what extent the learning curve slope may be affected.

A second example of the effect of production rate on costs is

given by Barnett (1982) for the manufacture of solar cells with

three entirely different modes of manufacture: existing pilot

plant, demonstrated laboratory procedures with improved pro-

ductivity of labor and capital, and mass production. These cor-

respond to manufacturing plant annual capacities of 1, 10, and

100 megawatts, respectively. Barnett's results are shown in

Figure 12. It should be noted that his estimates at the 1 and 10

megawatt rates are based on data; the 100 megawatt rate is an

extrapolation. However tenuous this assumption, it is interest-

ing to see that as a cost-quantity relationship, it results in

slopes of 82 to 92%. Note, however, that these are not learning

curves in the usual sense of declining costs resulting from

essentially the same form of manufacture.

3.6. Transferability of the Learning Curve

As the term is used here, the learning curve applies to a single

type of product manufactured in a single factory. If the same

product is later manufactured elsewhere, does the new manufac-

turer gain from the experience of the old?

Asher's studies of the manufacture of airplanes in World War II

indicate that little is gained. The learning curve in the new

plant came closer to reproducing the old than to continuing the

end of it. Henderson (1978) studies the introduction of a con-

tinuous steel casting machine in thirty steel plants after the

manufacturer had supplied 200 of the machines over the previous

twenty years. The mean standard deviation of the slope of the

manufacturing progress function was only 7%, representing a

high degree of similarity among the thirty plants. Thus, each

factory had to go through its own learning curve. An exceptional

point occurred in one case where an experienced crew installed

a second machine in the same plant, resulting in a very fait

slope to the learning curve.
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In discussing the implications of his theory of the learning

process, Roberts (1983) suggests that one test of learning

theory for national performance lies in comparing the learning

indices across many countries for one particular product. He

cites a paper by Horsnell (1979) comparing progress in elec-

tricity production in seven countries. This study showed that,

in spite of large differences in kilowatt-hour output per em-

ployee, the learning indices were remarkably similar, and that

the spread in productivities could be accounted for by differ-

enes in cumulative experience; i.e., countries were at different

points on the same learning curve. This suggests that a country

can undercut foreign competitors through a strategy of rapid

volume growth of output, thereby accumulating experience more

rapidly than its rivals, as has been the case with Japan, for

example. This strategy was also recommended to individual

companies by The Boston Conculting Group, according to Roberts

(pp. 77, 78).

On the other hand, learning can apparently be shared among a

group of nuclear power stations at the same site. Roberts re-

ports that the rate of improvement of safety performance on a

nuclear site was strongly correlated not only with age (i.e.,

cumulative experience) but with the number of reactors on the

site. In terms of his theory of learning as a search program,

he explains that the search under these circumstances is a group

activity in that each advance discovered by an individual is

communicated to the entire group.

Finally, Roberts relates the rate of learning to the market

penetration of new energy technologies. In contrast to the fixed

time constant of the Fisher and Pry logistic curve, he argues

that the rate of substitution of a new energy source is to be

found by examining the potential learning rates for alternative

energy supply devices. If a "typical" learning index (such as

30% fall in cost per unit for each doubling of cumulative pro-

duction) applies and the unit is small so that many doublings of

cumulative production may occur, then the substitution may take

place in periods of years, not decades. These conditions are

fulfilled for solar cells and aerogenerators, he argues, but not

for OTEC, geothermal or tidal power.
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3.7. Summary-Learning Curve

Learning curves - improvements in efficiency in the manufacture

of a product in a single factory - have been observed in a wide

variety of manufacturing operations ranging from labor-intensive

to capital-intensive. j?here seems to be no reason to expect them

not to apply to the manufacture of new energy technologies. In

a few cases where they appear in the literature - primarily

manufacturing studies done by aircraft companies - learning

curves with slopes on the order of 90% have been reported. These

seem surprisingly shallow compared to experience in the manufac-

ture of other products and even to the field construction of

baseload plants.

The specific question of how economies of multiple manufacture

may offset economies of scale in choosing the size of units of

energy technologies does not seem to have been addressed. This

tradeoff should be examined in future studies of the cost of

modularization to assist in selecting optimal unit size.

In general, it appears that the learning curve economies ob-

tained in one factory cannot be substantially transferred to

another. The manufacturer who builcs the most the soonest there-

fore gains a cost advantage, particularly with small units that

may be produced in large numbers.

4. EXAMPLE: FUEL CELLS

The problem with fuel cells is scaling up, rather than down, to

a practical size. Individual fuel cell waters produce about 1

volt or less. Fuel cell systems consist cf hundreds of wafers in

stacks, and for power plants a number of parallel stacks are

combined. Complete power plants consist not only of the fuel

cell stacks that comprise the power section, however, but an ar-

ray of conventional hardware for fuel processing, air processing,

thermal management, water recovery, and power conditioning.
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Table 9. Sizes of fuel cells.

Size

500 MWe

25-50 MWe

11

10

7.5

MWe

MWe

MWe

5 MWe

4.8 MWe

1 MWe

1 MWe

200-400 kW

100 kW

40 kW

12.5 kW

10 kW

2 kW

0.5-10 kWe

Description

Unlikely design study; capital
cost too high

EPRI goal for fuel cells
combined with coal gasification

2-3 UTC ( 1986)

Typical mass-produced modules

2 Westinghouse Energy Research
Corporation (1986-1987)

Methanol-air integrated
phosphoric acid cell tested
by Engelhard Industries

2 UTC demonstration plants,
New York City and Tokyo, 1983

UTC "breadboard" (1977)

Japan MITI demonstration (1986)

Range of UTC planned OSIES
early market entries

Westinqhouse building block
for 7.5 MWe plant

5 UTC demonstrations (1983),
plus 49 others to follow

65 UTC demonstrations (1971-73)
at 35 installations

UTC demonstration of molten
carbonate f.c. for EPRI (1983)

UTC test of molten carbonate
f.c.

U.S. Army "SLEEP" development

Reference

Gillis

CE

CE

Gillis

H & M

CE

Page

172

33

33

171

34

31

H & M 34

H &

CE

H &

H &

CE

H &

CE

CE

H &

M

M

M

M

M

34

31

36

35

31

36

33

33

37

Abbreviations

UTC
OSIES
CE
H & M
Gillis

United Technologies Corporation
On-Site/Integrated Energy Systems
Chemical Engineering, January 24, 1983
Huff and Murray (1982)
Gillis (1981)
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The practical problems of scaling up fuel cells are summarized

by Fraas (1982):

"Increasing the size of cells to many square feet leads to devi-

ations from ideality in the local composition of the fuel and

airstreams flowing through the electrodes, because the H2 and 03

contents change in the direction of flow, and crossflow con-

ditions inherently prevail. Pressure stresses stemming from the

pressure drop in the passage for the reactant gases and the

coolant become important, as does even the static head associ-

ated with the greater cell height. The large voltage drop to

ground (~ 5000 V) associated with the large number of cells per

stack required for gcod efficiency introduces severe electrical

stresses. These and other scaling problems introduce formidable

difficulties with irregularities in temperature distribution,

differential expansion, thermal stresses, sealing, and electri-

cal insulation" (p. 502).

4.1. Fuel Cell Sizes

Sizes of fuel cells that have actually been made together with

plans or possibilities that are discussed in the literature are

shown in Figure 13 and listed in detail for clarity in Table 9.

4.2. Fuel Cell Costs

Expected capital costs are listed by Gillis (1981) for a number

of prototype and projected commercial fuel cell power plants,

shown here in Table 10.

In designing the fuel cell stack, the tradeoff is between get-

ting one that is inexpensive and one that is efficient, as il-

lustrated in Figure 14. Since the fuel cell efficiency is linear

with voltage, and the cost is linear with area, each of the

coordinates can be labelled in two ways. The fuel cell efficiency

determines the efficiency of the entire power plant, whereas the

cost of the fuel cell stack will be a small part of the total
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Table 10. Summary of phosphoric acid fuel cell plants (1980

dollars)

FUEL

Methanol

Natural
Gas

Coal
Gas

Naphtha

Ethanol

' PLANT
TYPE

Non
Integrated

Integrated

Highly
Integrated
With CO2
Clean Up

Non
Integrated

Integrated

Non
Integrated

Integrated

Non
Integrated

Integrated

Non
Integrated

Heat Rate
(Btu/kWh)

3790

7820

7390

9270

9440

9110

B520

10748

9448 .

9058

Net Output
MWe (AC)

6.95

6.92

6.71

6.95

6.95

a.10

6.95

6.95

6.95

6.95

PROTOTYPE
DIRECT CAPITAL
Cost ($/kWo)

1504

1669

1940

1604

1815

1326

1838

1666

1872

1519

PROJECTED
COMMERCIAL

CAPITAL COST, S/kWe

476

528

614

508

575

420

582

527

593

481

Source: Gillis 1981

power plant cost. Economical designs are therefore likely to be

on the high side of the "knee" of the curve.

According to Gillis (1981):

"System economics are relatively insensitive to fuel cell cost,

i.e., about 80 percent of capital cost is in coal-handling,

gasification, oxygen plant, gas clean-up and bottoming cycle

equipment which is similar to other combined cycle systems"

(p. 171).
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Source: Bloomfield and Heller 1982, p. 55

Figure 14. Fuel cell cost-efficiency tradeoff

In a 1982 study, in which "pilot production" of 50-100 units per

year is assumed, Mientek estimates that the cell stack assembly

would cost 44% of the total "today" and 36% in "the near term",

i.e., by the end of 1984 (his Table 1-4). The expectation that

the fuel cell stack would cost proportionately less is supported

by Bloomfield and Heller (1982) who did a parametric study of

the United Technologies Corporation (UTC) 40 kW fuel cell. In
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exercising sensitivity runs of the OTC design, the cost of the

fuel cell stack ranged from 12 to 28% of the total. A typical

breakdown of costs is shown in Table 11. Notice that only so"en

categories of cost account for about 80% of the total, and that

apart from the fuel cell stack itself these consist of existinq

conventional technology and assembly. It thus seems quite prac-

tical to anticipate what major elements of a fuel cell power

plant will cost - omitting only the fuel cell stack - and to

make studies of scale and learning effects to help choose an

optimal size.

4.3. Scale Effect in Fuel Cells

Current estimates of future cell costs generally assume that

there will be economies of scale in this auxiliary equipment.

Bloomfield and Heller invoke the six-tenths power law (p. 23).

Mientek (1982) reports the results of a survey of the initial

market penetration of fuel cells as peaking in the 200-400 kW

range, although his figures, reproduced here as Figure 15, show

the actual peak to be about 200 kW. On the strength of economies

Kiiowatts Buildiags

U"

btfccoaaMasTart

4EB CS) 12SB

Power plant size—kilowatts

Figure 15. Potential Market Distribution of Fuel Cells (Mientek

1982)
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Table 11. Cost breakdown of a 40-kW fuel cell power plant

OSIES Cost Est.
Fuel Cell
Reformer
Shift Converter
HDS
Preox. Heater
Preox. Cooler
HDS Preheat
HDS Cooler
Burn. Preheat
Anode Precool
Steam Superheater
Preoxidizer
Ejector
Air Blower
Start Burner
TMS HX
Blower
High Grade HX
Steam Separator
Low Grade HX
Condenser
Cond. Preheater
DA
Demineralizer
VJater Tank Coil
Regenerator
Feedwater Cooler
Boiler
Feed Pump
Boost Pump
Piping
Controls
Power Conditioning
Cond. Fan
Feed wtr. Fan
Acid Recovery
Mixers
Separators
Assembly

Total Cost
Net Power
Cost $/kW

UTC 40BL
$ 7591

2108
1158
875
109
106
66
106
131
109
194
35

248
66
142
301
73

204
150
200
530
104
20
600
200
100
100
108
370
60

9879
2000
2210
1249
73

200
120
60

5159

$ 37116
40
928

%

JoTE
5.7
3.1

26.6
5.4
6.0

13.9

81.2%

Source: Bloomfield and Heller (1982), p. 138
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of scale, however, he would go to 400 kW except that hardware

availability suggests standardizing on 300 kW (p. 1-6,7). The

limited initial market presumably does not raise the question

of possible economies of manufacturing larger quantities.

Huff and Murray consider scaling up a 20-kW fuel cell to 2610 kW

and 4438 kW for applications in powering locomotives and tow-

boats. Normally, they say, components other than the fuel cell

stack would be scaled to a power less than unity. However, in

these applications, the stack would have to be broken down into

several modules to facilitate manufacturing and packaging. They

therefore assume that weights and volumes scale linearly from

the 20 kW UTC APA and General Electric (GE) SPE. The costs as-

sumed are those quoted for 1,000 unit per year production by UTC

and GE: $ 390 to 600 per kilowatt and $ 270 per kilowatt, respect-

ively. Presumably these are therefore also scaled linearly.

4.4. Quantity Effects on Fuel Cells

The effect of quantity on the cost of fuel cells seems not to

have been explicitly reported in the recent literature. Bloom-

field and Heller (1982) cite UTC estimates that their 40 kW

OSIES design would cost $ 1500/kW in prototype quantities and

$ 500/kW in production quantities (pp. 25, 26). On an 80%

learning curve, this factor of three represents an increase in

quantity of 30 times; if prototype quantities are 50 to 100,

then production quantities are 1500 to 3000.

Platinum is expected to be used in the manufacture of fuel cells,

and, according to Bloomfield and Heller (1982), "one might sup-

pose a scenario where production of fuel cells consumed a sig-

nificant fraction of the world's platinum production and thus

drove up the price of platinum". On the other hand, the platinum

can apparently be reclaimed when the service life of the fuel

cell is over, and it has been suggested that the appropriate way

in which to estimate the cost of the platinum in fuel cells is

at a leasing rate.
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5. EXAMPLE: PHOTOVOLTAIC ARRAYS

5.1. Photovoltaic Modules

Photovoltaic cells may provide electricity for a range of ap-

plications ranging from hand calculators (now) to baseload

generating plants (possibly in the future). A range of.photo-

voltaic array sizes for generating units discussed in the

literature is shown in Figure 13.

Like fuel cells, photovoltaic arrays enjoy "inherent modularity"

in that the fundamental building blocks are small, and there is

no degradation in efficiency due to the use of small units. The

concept of a "module" ranges from an element 4 cm2 in area to

one 1.5 m2. At least two firms in Japan will have factories

built in 1983 to produce the small modules in quantities of

100,000 per month (Chemical Engineering- 21 March 1983). A typi-

cal study of large photovoltaic arrays anticipates production of

36,000 modules per year (Chan 1982).

Various configurations of photovoltaic modules are under con-

sideration for power plants. A new power plant with a 1 MW d.c.

nominal peak power capacity was opened in Hesperia, California,

in 1983. It consists of 108 computer-controlled tracker units

that automatically follow the sun. Each tracker has 256 1><4 ft

flat plate modules containing 36 solar cells. Flat plate modules

may also be fixed horizontally or at a tilt equal to the latitude

of the location.

The alternative to flat plates is concentrator arrangements in

which the sun is focused on the photo cell through a lens or re-

flector. Energy conversion efficiency improves with light inten-

sity. The positioning of concentrator modules would necessarily

be controlled to track the sun.
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5.2. Photovoltaic Costs

Photovoltaic arrays now cost about $ 12,000/kW installed, com-

pared to about $ 3,000/kW for a coal-fired power plant. This

corresponds to a flat plate module cost of $ 500/m2 which must

decline to about $ 100/m2 to be competitive with coal plants for

baseload electricity generation. The equivalent price for con-

centrator modules, because of their greater efficiency, is

$ 150/m2. Prices have dropped about 50% in the past five years,

but they have slowed far short of target values and dates.

In mass production of small cells for such applications as light-

houses, radio relay stations, street lights, irrigation pumps,

and electrical appliances, Matsushita Electric Industrial Co. of

Japan expects to reduce prices to $ 0.42-0.50/watt (Chemical

Engineering, 21 March 1983).

The lenses and solar tracking mechanisms required for concen-

trating systems should be less expensive than the equivalent,

area of flat-plate cells. Despite their complexity, solar cells

for concentrating systems do not increase in cost in proportion

to their concentration ratios. Cell cost should therefore become

a small fraction of system cost (Whitaker 1983).

Because the cost of the photo cells will be a relatively small

part of the total installation, higher efficiency energy conver-

sion, not simply mass production economies, must be the main

focus of further development. Even if the solar cells themselves

were totally free, a reasonable energy efficiency would be re-

quired; otherwise, the balance-of-system costs that depend on

overall photovoltaic area would be so great as to disqualify the

system from economic competition with electricity from other op-

tions (Whitaker 1983).

5.3. Balance-of-System Costs

The portion of total installed cost due to the solar cells them-

selves is illustrated in Table 12 for three different array con-
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figurations: linear Fresnel, point-focus Fresnel, and 1-axis

trough (Chan 1982, pp. 3-15 to 3-24). The price of the solar

cells ranges from 12% to 21% of the total installed cost. A

detailed breakdown of the manufacturing cost is illustrated in

Table 13 for the point-focus Fresnel array.

The major cost elements in the balance of the system are the

array structures and the power conditioning subsystems (PCS).

Otherwise, the components are commercially available (Stolte

1982).

Table 12. Share of photovoltaic array cost due to solar cells

(1980 $/m2).

Component

Solar Cells

o Direct Manufac-
turing Cost

o Mark-up Factor

o FOB Factory
Price

Linear
Fresnel

58.2

0 .3

75.7

Point-focus
Fresnel

39.5

0.3

51.4

1-axis
Trough

55.2

0.3

71 .70

Total Array

o FOB Selling

Price 264.8

Shipping 16.7

Installation 76.1

Total Installed
Cost 357.6
% Solar Cells
FOB Factory
Price 21%

258.0

6.5

179.5

444.0

12%

300.4

6.0

61 .5

367.9

19%

Source: Chan 1982
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Table 13. Direct manufacturing cost/FOB factory price breakdown

for point-focus Fresnel array

COMPONENT

CKI.I. HKCIUVER ASS'Y

SC)lJ\n C ELLS
CELL MOUNTS

ASSEMBLY LABOR

CPNCENTnATOR MODULE

FHESNEL LENS
IIOL'.SLNG. LENJ FRAME

ASSEMBLY

MODULE SUPPORT

CIIOSS TEES
TORQUE TUBE ,
MISC. U-BOLT3

TRACKING HARDWARE

SUPPORT BEAMS
LINKAGE;, BEAR., WHEEL ASSY
JACKSCREW
GEAR MOTORS

CONTROLS

SENSORS. ELECTRONICS
POSITION INDICATORS
LIMIT SWITCHES

TOTAL

OPERATIONS/DESCRIPTIONS

• PURCHASE
* DIRECT BOND COPPER,

SOLD EH REFLOW

• COMPRESSION MOLDING
• SHEET METAL SHEAR,

DEEP DRAW, PUNCH
• LENS TO HOUSING,

WIRING

• PURCHASE
• PURCHASE
• PURCHASE

• (PART OF SrTE INSTAL.)
• PURCHASE b MACHINE
• PURCHASE
• PURCHASE

• PURCHASE

DIRECT
MANL'F.

COST

914.433
•?.9S8

2.747

3.829
9,274

958

2.205
3,880
1,680

3.000
300
300

BOO
1,100

900

64.162

MARK-UP
FACTOR

.30

.60

.60

.60

.60

.60

.30

.30

.30

.30

.30

.30

.30

.30

.30

.47

FOB
FACTORY

PRICE

118.763
30,330

4.393

5,808
14,838

1.B33

2,866
5,044
2,184

3,900
390
390

1,040
1,430
1,170

94,079

S/M*

51.40
83.10

12.10

15.90
40.70

4.20

7.90
13.80
6.00

10. ?0
1.10
1.10

2.90
3.90
3.20

268.00

Source: Chan 1982
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Figure 16. Allowed costs for concentrator photovoltaic systems,

2000-2030
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Ehrenreich (1979) has shown the influence of balance-of-system

costs quite graphically for flat plate and concentrator systems,

his Figures 1.1 and 1.2, the latter reproduced here as Figure 16.

The shaded band in the figure indicates that module cost would

have to be reduced to $ 0.15-0.40 per peak watt (Wp) (1975

dollars) to break even with coal electric generation in the

2000-2030 time period.

5.4. Scale Effect in Photovoltaic Arrays

According to Madet (1982), economies of scale in photovoltaic

arrays are great, particularly as regards converters, but they

become much smaller beyond a peak power of a few megawatts.

Recent U.S. studies of the cost of photovoltaics seem to specify

size as well as quantities, however, and the subject of scale

effects is not generally treated.

One exception is the cost of power conditioning subsystems (PCS),

reported by Stolte (1982) as a major cost and "critical item" in

the manufacture of photovoltaic arrays. He shows a range of sell-

ing prices in December 1982 dollars for PCS units as a function

of power level, Figure 17. Two 80% curves, equivalent to a scale

factor of 0.678, are added to the figure to suggest the general

tendency.

The components that are commercially available can be scaled

using engineering cost estimating manuals, and they would pre-

sumably lead to scale factors in the range of 0.6 to 0.7.

5.5. Quantity Effects on Photovoltaic Arrays

A cost-quantity relationship for a photovoltaic flat plate array

is shown in Figure 10 as a 91% learning curve. The learning

curve for elements of concentrator configurations which track

the sun are presumably similar to those for heliostats, which

are reported in Section 3.2, as about 90 ± 2 1/2%. As discussed

there, these curves seem unduly flat. An estimate of the reduc-
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tion in cost of the solar cells themselves with plant production

rate is shown in Figure 12. For three levels of production, this

shows reductions with a doubling of production rate ranging from

82% to 92%.

WWEH UVEL IKttt

Source: Stolte 1982

Figure 17. 1982 prices of power conditioning subsystems

6. CONCLUSION

Is bigger better or is smaller smarter?

As we have seen, a substantial body of engineering data estab-

lishes the fact that there should be economies of scale in the

field construction of baseload plants. Nevertheless, in the U.S.

during the past decade, thete have been much less than expected

for nuclear plants and nonexistent for coal plants. Possibly

this is a transitory situation due to a complex of causes that
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will disappear, such as technical overconfidence, changing

government regulations in the U.S., inflation, and high interest

rates. Operational experience seems to demonstrate economies of

scale in nuclear power if not in coal plants.

However, this may be true only up to a point. The decline in

plant availability that seems to accompany increased size far

outweighs any marginal gains in thermal efficiency and shows

few signs of going away. If there is a cause for this diminished

reliability - say, because of more parts that have to work -

then there is indeed a point of diminishing returns to scale: an

optimal size. In this case, the roots of the present problem are

technical, not simply financial. Recent statistical data suggest

that the optimal size is less than the 1000 MWe that has become

standard for nuclear plants, even in the U.S. By the experience

of the past decade, there is no prospect of economies of scale

in coal plants. The argument for smaller plants is even stronger

for smaller electric systems such as Denmark's.

With the turn to modularization and smaller plants that can be

manufactured in a factory, the question arises as to what will

be the economies of manufacturing larger numbers of units. There

is a substantial body of experience that indicates learning

curve economies in a wide variety of industries, but the litera-

ture on energy technologies is very sparse. The main interest to

date has been in when and whether exotic new technologies such

as fuel cells and photovoltaics will decline in cost to the

point where they become competitive with existing technologies.

Limited initial markets do not raise the question of size-quan-

tity tradeoffs. It is easier to assume a vague "large-volume

manufacturing scenario" as long as one is assuming anyway what

costs will be ten or twenty years in the future. Nevertheless,

if a serious effort is to be made to establish optimal sizes of

modules or photovoltaic arrays, systematic differences in the

costs due to different manufacturing quantities will need to be

examined.

Where learning curves have been reported in the literature on

such things as heliostats and photovoltaic arrays, the results
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are rather surprising. Generally, the learning curves assumed

are on the order of only 90%, compared to a traditional 80%

learning curve in the aircraft industry and even steeper curves

that have been reported in the startups of machine-intensive

industries. Even in the field fabrication of bas.eload plants, a

second plant at the same site costs about 90% of the first, and

an architect-engineer's experience seems to lead to about a 93%

learning curve with nuclear plants. Very thorough manufacturing

studies have been made of some of the new energy technologies,

but by specifying both size and quantity they have precluded the

examination of size-quantity tradeoffs. The exotic portion of

these new technologies will probably account for only about

one-fifth of the total cost; the remainder will consist of con-

ventional equipment, structure, and manufacturing methods. It

should therefore be possible to estimate future costs with some

confidence. In future manufacturing studies, size-quantity

tradeoffs should.be examined.

The choice of an optimal size will depend upon more than manu-

facturing costs, however, as we have seen with baseload plants.

In times of financial stress, initial capital cost may be the

preeminent constraint. Within this constraint, however, there

may be room for optimization. If so, the effect of scale on

plant performance, life cycle cost, and the total system of

which the plant becomes part needs to be examined to answer the

question of optical «iae.
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