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Al?stract

It hos been speculated that if tho build−up of a nuclear program proceeds
too rapidly, then it might consume more energy than it ever produces. This

argument is examined wilh respect to Ihe rapidiy expanding German nuclear

1. Iniroduction

Di. P. Chapman has showrn that if the build−up of a nuclear

srogium proceeds too rapidly, then it can consume more

een
than it produces [1]. The argument is by now well

knovin: the construction of a single nucleur power plant takes
place over several years, during which time energy must be

invasted; this energy is only paid back after the plant gees
into operation to produce power. In the meaniime, however,
depending on Ihe growih rale, more and mere plants come
under construction, requiring an ever greater total energy
investment in plant construction, IF ihis growth rate is large
enough ine net power output never becomes positive, \.c., Ihe
toral output from nurlear plants never−calches up and be−
comes larger Inan !he necessary yearly invesiment in new

plant construction. An essential feature here is that Ihe argu−
ment goes beyond previous siotic arguments relating to how
well a single reactor "pays" for itself and considers the dy−
namics of an entire raucior program,
The validity of !his argument, as applied jo tne nuclecar pro−
gram of the Fediwral Republic of Germany, has been called
into question recentiy ina paper from the Jülich Nuclear Re−
search Factlity [2. In the present papar Ike nel power balance{#] rar

&

will be examined and the major factors which lead to the
between the Chuapman and Jülich resultslarge differe

will be clarified. ?

fhe first step in the anc s the determination of the power
>

output P,, and input power P, for a single reactor, where P,,
is the annesl energy produchon minus: onnual energy costs

ration and Pj is the initial energy investment in cen−of ope
struchon

auidec
by the number of years required for con−

struchen. One obvious source of cdifhiculiy here is that while
the construchen energy Inputs are primarily thermai, the oul−

put is elechrical−for ?nany applications electrical energy is
"worth" several times more than ihermal energy.
A convenient index of performancefor a single reactoris Ihe

energy raho

Bstment in consiruchon

Wilha nominal plant life of 25 years and a 5 year construc−
Hon time, one has, = SPofP?
The dynamic aspect of ihe analysis then involves the use of
the information on power inputs and outputs for a single
reacior to colculote the power performance of Ihe total
nuclear system. This is essentinliy given by the number of
reaciors in operation fimes P,, minus Ihe number under con−
struction simes P}.
Part of ihe umbiguity in previous calculations of net power
kalances can be traced buck to the use of differen: conven−
tions. Chapman on the one hand makes a direct comparison
of ine elechricol outputs with the fossil Inputs to the nucleor
program falbeit with a 1:1 rotio in Ihe comparison of elac−
trical and foss s}, while Jülich examines ins! the
fossil requirements which would be necessary in order k

nr,
OL

program and is shown to be ircpplicable, although the actual results do

depend critically on a number of assumptions. The conclurions ure not as

optimistic as In previous treatments of !’he subject in Germany.

providethe sameelectrical power output os fromfie nuclear

program but using conventional (coal) power piants. Now

all calculations (including those of Chapman,for appropriate
parameter values) show that the cumulative fossil tuel.con−

sumption of the conventiongl! plants is greater ihan that of
the nucleor program; the Jülich

report
e:ssentiolly labels this

difference the fossil fucl "savings’er to nuclear power.
With this, the energelic argument for nucleur poweris osten−

sibly established.

However, Ihe demonstration that conventional plants rc
worse in !heir consumplion of fossil fuels des not

es
tabl?sh

that nucleur power plants are enzrgeticaliy good Implicit
parisons is Ihe assumption ihat the

girowih
rate

in electricity production must remain the same as i
Nowifthis were Ihe case, then the above !ype of comporison
would be adequate−but if is not. Since there are other tech−

nological possibilitios, it is oltogelher reascnable lo examine

in such com

what the growih rates in eleciriciiy production should be In
the future,

Thus we come lo the issue addiossed by Chapman: is the
fossil fuel consumption dus to. a nuclear program for pro−
duction of elec

?ricily,
alihough pussibly lower than if con−

ongl power plants were used, itself within eccaptihle
hounds® JE rot, then perhaps the growth rates in electricity
production should be lowered from their traditional values.

fo answer the ch look at !he3,[E

f, in which tho

va question onn does nct 3

Inputs and autputs of the nucleur program Hs
relativa value of el ales can

only
be

determired with respect to the use lo which the elech

put. We follow this latter procedure in Ihe present paper, it
will turn out that the quantitative results, whila not as fo−
vorable as those of Filich do not sunport the conter
a net negative power balance for nurleur piants in Germany,

:chricol and thermal en:

ton of

2. The conventions and mein assumpfions

In some cases thr influence of an assumpHon or conveniion
on Ihe quantitative results far the net power balance is falsiy
obvious, such as in the con ison of thermal and electrical

energies. In other cases a sensitivity analysis is required in
order io determine the relative importance of Ihe various

ossumptions.

A detailed analysis based on the information given in ihe
Tables later results in a rough ardering, in dec
of imperlunce, of ihe assumptions as applied to the German

programas follows:

1. The present energy rosts of a nucleur power plant in−

ciuding ine Arst core fuel Inventory;
2. Ihe arowth rate in the installed nuclear capasity;
3. The plant load factor Inormal base−toud

erA. Tne comvention used in comparing Ihar?nal inzuuis with
olectrica! nutnuts;
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Table 1: Celculation of fuel−cycle energy requirements for a 1560 MW plant

represants an average of typical EWR und PWR characteristics)3 Yr N

FirstCorzÜ} funits10°xwn(eh)/1000Mwfe))

Mining &
En

ore 180.3

Milling 9.02% ore 2953.6

Conversion" 50.3

Enrichment

mer

2269.4

Centrifuge 365.6

Fabrication 19,2

Diffueion 2519
Total 0.2%otal?, SiOrE

en, 616

First Core:int bore
6:03 Diffusion 5293
u

Certrifuge 3389

id,enta (unita_100 wWn/1000,MWfe)− yearI
5 usion 32 (ih) + 314 (e)

.2%WSRR
u 93 (th) + 30 (e)

YearlyRe

Br ? fPiffusion 1102 (th) + 314 (e)
VER−ers rn 1109 (th) + 30 (e)

0) Barcd on converting all electrical requirernents to thermal unita using

a eyitem efficiency of 28%. This includes inventment energy costs,

amsunting te elightly lese than 1%, distribution losses, and conswiüption

bytba electricity industry itself,

%
Here the thermal and electric units arc kept separäte,

5. Changesinfuel−cycle energy costs during Ihe transition to

lower grode urenium ores, and the associated problem of

whether to count the energyinputs to the nuclear program

which occur outside Germany;

6. Fuel enrichment jechniques;

7. Additional infrastructure energy costs which are incurred

such os in the associoted build−up of the electrical distribu−

lien network.

These assumptions will be discussed in the following.

1. The (fossil)

power plent are conveniently calculated Ihrough use of an inpul−outpuf
primary energies consumed in the construction of o nucleor

onalysis [3], which relates energy intensities with final demands (in

monetary units) 0? various economic soctors. The individuol cost con−

.tributions to the tota! cost of ihe power plant are then multiplied with their

respechive energy intensilies and summed to yield the total energy costs of

first core are colculated similarly. These
the plent; !he energy costs of!

calculelions are summorized in Tobles 1 and 2 and show an energy cost

of a light water power plant including first core of about 5230 kWhlth}’k Wie)

at the present fime (based on diffusion enrichment and ore concentrations

of 0.2). More details on Ihe calculations can be obtained elsewhere [#.

®:
The plonned installed nuzlear capacity to Ihe year 2000 is given in

Tobie 3; the growih rote beiween 1972 and 1976 is ao huge 43% per yeer,

corresponding to o doubling time of slight!y under 2 years. Continuation

of this level of growih through 1985 would result in 238 GW installed

nucleor cupacity by 1985. Such a large growth rote cannot be sustained

indefinitely; in fact after 1976−1977 the growth role drops to obout 23%

annually {and decreoses further after 1985), which results in the planned

nucleor copacity of 50 GW by 1985. Of oll Ihe vorious factors offecting the

Table 2: Plant investment costs and distribution network costs

164, − DM/kW(e)1. Construction (20%)
2. Machinery (55%) 451, − DM/kW(e)

3. Electrical (25%) 205, − DM/kW(e)

4, Other services related

to thu nuclear plant 380, − DM/kW(e)

Energy Costs

1. Construction Fnergy Costs d) 283 kwh/100 DM v 464 kWh

2. Machinery Energy Costs & 227 kWh/100 DM : 1024 kWh

3, Electrical Equipment ® 228 kWh/100 DM : 467 kWh

4. Other Services 199 kWh/100 DM : 756 kih

Total costs for a nuclear plant,

excluding the first core tv − kwhlt).

Network Investment Costs: 1300, − DM/kW(e)
2.4 kWh(th)/DM 3120 KWhfih)

kW(e)
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net power bolonce it is this drop−off in the growth rate of installed capacity

vrhich will be seen io lead to the tremendous increase in the net power

balonce which starts about 1975. This is the cose since the nucleer plants

already on strenm are no longer loaded down by Ihe energy sink due to
?

new construction. For Ihe critical time period from 1970 to 1985 this effeci

effectively swamps all other effects.

Such on effect is not present in Chopman?s calculafions for Greot Britain

since constant growih rafes corresponding to doubling times of about

three to four years were taken to be oppropriale.

3. 1t is diffieult to seporate fact from fancy in the choice of on effective

load foctor. An average of Ihe bes! 33 BWR’s and PWR’s in the world yields

a load focior of 60.4% for the year 1972 (yearly running averoge), and

Ihis average remained the same in 1973 [5]. The yearly running overage is

generally taken to be indicative of fulure plant operation, since Ihe poor

load factors which often occur during initial years of operation of nucleor

plant carry little weight in the running average. In the case of Germany

the numbers for LWR’s ore 45 %u for 1972, 62%, for 1973, and 40 %for 1974;

the average for these three years is 50 Ya (6). In the calculotion o 50 %« toad

foctor has been used through 1975, and it is assumed that the load factor

ihen incereoses linearly to reach Ihe volve 0.70 by 1985, and from 1985 to

1990 it ogoin increases linearty to reach the volue 0.75; thereafter it is

. ossumed to remain at 0.75.

Tablo 3: Installed nuclear electrical capacity in the Federal Republic of

Germany

1972 2.27

1974 3.47

197 9.51

1976 12.03

1980 22.94

1985 50.0

1970 69.0

1995 135.0

2000 170.0

In colcvloting the net electric power output of a plant P, the nominal

copacity of 1000 MW is multiplied by the load factor times 9760 (the

numbor of hours in a yeor} to give Ihe onnval energy output. A factor of

12 %0 is then subtracted to account for the energy consumption in the plont

and the distribution losses, und the annual energy costs associated with

Ihe fuel cycle requirements (Teble 1} are also subtracted.

4. Since at Ihe start of Ihe nuclear program one has a fossil−fuel based

economy, ali of the energy costs for the construchon program ore initially

colculoted on the basis of the primory energy inputs. Any electricol energy

inputs in Ihe construchen are convertod to the original thermal inputs by

using the system efficieney for converting fossil fuels to electricity (obau!

28% for Germany). This procedure is also used in Ihe calculation of !he

energy requirements for. producing the first core.

But now howshould Ihe nat electric power output P, ba compared lo the

original thermal inpuls? Any comparison of thermal ond electrical energies

must be based on the use lo which the electrical energy is put. Obviously,

if electricity is used for producing low temperature heat such as in homes,

then its energy "value" is only slighlly better than fossil energies applied

for the same purpose (109 ®e conversion efficiency for electricity, as opposed

to 70 to &0% conversion efficiency of fossil fuels to heat). This case is

mentioned here because it oppears Ihot a fairly large share of the projected

increoses in householdelectric energy demands in Germany may bo due to

increased use of electric room and water healers.

On the other hand, for applications where electricity is needed for motive

power, !hen it clearly does have a value roüghly 3 times greater than the

san?e quontity of thermal energy (since thermal energy would have to be

converled to electricity first before it could be used).

Thus, a comparison of electric with thermal energies requires an average

over all end use applications in the sectors industry, household−commercial,

and transportation. For the purpose of the present catculation this average

is obtained through consideration of Ihe present and future shares of the

electricity production which go to industry and to houschold−commercial,

where we nole that the electricity share 10 household−commercial in Germany

which should be valued at 3 times ?s alrcody saturaled. In the colculation

we have used a muliiplication factor which has the value 3.2 in 1970 und

gradualty decreoses to the value 2 in 2000. This decrease is conservalive,

and occurs too slow!y to have a significont influence on the rapid variation

of the net power balance which will be seen to occur starting about 1975.

383



Poss?bie voriation
>in dhffus?on share _

O
r
e

co
nc

en
tr

at
io

n
in

g
e
r
c
e
n
t

|
Di
ff
us
io
n
m
a
r
k
e
t

s
h
a
r
e
,

? BEBER 1
1980 nn 2000

Fig. 1: Assumed lime dependence of ore concentrations and of tha dif−
fusion share of the enrichment market (inner scale refers to diffusion.market

share)

The problem of determining Ihe thermal−to−electric relationship is avoided

in the Jülich calculation due to their choice of a different convention (the

comparison of fossil fuel consumption by conventional and nuclear pro−
grams for the same electrical output).

5. The energy requirements for obloining the necessary uranium is roughiy

inversely proportional to Ihe ore concentration. Presently mined concen−

trations are about 0.2 % and do not involve large energy inputs (Table 1).

On the other hand, lower grade ores, on !he average, will be mined in the

future. For simplicity in Ihe calculation we have assumed a lineor decrease

in the ore concentraetion, starting from Ihe value 0.2%s in 1980, as shown in

Fig. 1. The value 0.02%, in 2000 correspands to Ihe value used in the Jülich

study, although the fall−off begins five ycars sooner Ihan in the Jülich

calculation. The Chapmancalculation does not include any aossumption on
the time dependence of the ore concentralion. His siudy, being the first of
this type, makes use of constant, limiting values for Ihe Hre concentration

(0.3 %and 0.007 %u) to illustrata the range of variation in the net power
balance due to change in the ore concentration.

In the calculation all energy costs have been included, regardless of whether

ihey are incurred domesticaliy or outside Ihe country. For tha purpose of
an energy analysis this procedure would scom called for: the energy must
be ’"’paid’’ for in one way or another, and neglect of the energy costs falling
outside the country would amount to assuning on indefinite energy subsidy.
Both the Jülich and Chapman calculations include both !ho foreign und

domestically incurred energy costs. Other procedures can also be adopted
which allow, in one woy or another, the energy cosls incurred outside the

country to be counted at less than the actual valua ? this of coursn leads
to a more favorable net power balance. The Jülich calculation illustrates
this possibility as a deviant to Iheir standard case.

6. The energy requirements of the centrifugal enrichment technique hove
been estimated lo be about a tenth of those für the currently used dif−
fusion technique; at the present time, however, no large cuntrifuge plants
exist. If the centrifuge technology proves to ba successful on a large scale,
then a considerable improvement in the fuel cycle energy costs will result
(Table 1). The phase−in of the centrifuge method used in Ihe present
calculation and shown in Fig. 1 is based on current projections (7). It must
be admitted, however, that there is considerable room far variation in Ihe
curve, since the cupacity of currently planned or already operating facilities
falls short of the expecled requirements. Tha possihle variation, indicated
by error bars in the figure, will depend on the relative success of the
centrifuge technology.

It turns out in the calculation Ihat the increased energy costs due to Ihe use
of lower grade ores are compensated by the gradual conversion lo the
centrifuge jechnology, except during the last decude of the century,
7. The required energy expenditure in building up the distribution network
[8], for each 1009 MW of capacity which is added, is actually larger than
the energy cost of the nuclear plant itsalf (Table 2). Should this energy be
included in the calculation? If eleclricity were the only alternalive as a
secondary energy, then Ihe only comparison would be between nuclear
and conventional power plants; since this energy cost is incurred by both
technologies, it could then be neglected in tha comparison,
But there are alternatives to electricity, depending on Ihe end use applica−
tion, so it is reasonable to include the distribution network energy costs in
the calculation of the net power balance. Of coursa Ihe olternativas also
have distribution network energy investments, such as for Pipeline systems
in the case of gas; these investments tend to be lower, however. it has been
assumed that ihe construction time for increments to ha distribution net−?
work is one year.

Neither the Jülich nor the Chapman calculations included !he distribution
network energy costs, but the effect is in ony case not large since we
assume the energy is only invested one year in advence as oppüsad to five
years for nuclear plant construction, In quantitative terms the total value
for the energy investment for 1000 MW of additional nuelear capacity lies
between the values obtained in the Chapman and Jülich calculations.

334

3. Results

Based upon assumptions outlined ubove the energy ratio FE,
the electrical output of a plant overits assumed 25 year life−
time divided by Ihe original fossil fuel investment, turns out to
be about 32. In obtaining this numberthe relative value of the
electrical output with respect to thermal energies has been
Iaken into account (see the assumptions). A nuclear plant
clearly pays for itself. Another way of expressing the results
for a single plantis in terms of howlong it takes the plant to

pay off the original fossil energy investment; it can do this in
ten months (based on the load factor of 50% at present, and
including the energy necessary to pay back the incrementto
the distribution network).
Next we turn. to consideration of the overall nuclear program.
The total onnuval ihermal input and the electrical output of
the program are shown in Fig. 2. Here the electrical output
has already been increased from its nominal thermal volue

through use of the multiplication factor discussed in the

assumplions. Even though the energy ratio for a single
reaclhor is quite high, Ihe point to the exercise is to consider
the effect of a rapid build−up in new capacity on the overall

power balance. !t can be seenIhat in the year 1975 roughly
64°/u of ihe output has to be reinvested in new plant construc−
tion, so that only 36% of the output prepresents a net gain
in the conversion of fossil fuels to electricity. However, by
1980 the reinvestment percentage has droppedto 18%, and

by 2000 the value is 10%. Although during the years up to
about 1977 the program consumes a large share of fossil
fvels relative to its own electrical output, the nct power
balance {the difference beiweenIhe Iwo) does remain posi−
h?ve.
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Fig. 2: Comparison of electrical outputs and !he fossil inputs for coal and
nuclear programs. The dotted line shows the «ffect of increosing the energy
costs of a reactor, exclusive of first core, by 50%

If the economic costs of nuclear plants used in the present
calculation turn out in reality to be higher than those shown
in Table 2, then due to the method of calculation ? the multi−

plication of energy intensities with economic costs to oblain
the energy costs ? the energy costs would then need to be
corrected upwards. The dotted line in Fig. 2 shows the nuclear

program inpuls which result if Ihe individual reactors
exclusive of first core require A100 − 10% kWhfth) for their

construchon, the value obtained by Chapman,instead of the
2711 − 10° kWh obtained in the present study. The situation
?n 1975, for example, is aggravated a bit, since then about
74% (before: 64%) of the nucleur output is reinvested in
order to build up ihe program. However, as before the net

power balance becomes fovorable very ranidly after 1975.
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So what leods to the major differences betweenthese results
for Germany and those presented by Chapman? First, the
energy ratio obtained for Germany is several times larger
than Chapman’?s worst case example E, += 5 (in which he has
useda] :] valuation of thermal andelectrical energies).

For the energy ratio oblained in ihe present paper an ex−
Iremely large growih rate over un extended time period
would be required to make the net power balance negative
for very long. It was poinied out earlier inat the fall−off in
Ihe growth rate leads to the large positive changes in the
power balance which begin to occur about 1975, und that
other effects are relatively unimportant. This can be illustrated
in a round−about way .by considering Ihe power balance
which would haveresulted if the growth rate of 43% during
the years 1972−1976 were to be continuedindefinitely into the
future, wilh the other parameters such as the ore concen−
trations shown in Fig. | being unultered (as if this were pos−
sible!).

The purely hypothetical result is shownin Fig. 3. Here Ihe net
power balance, the difference between output und input,
wavers a bit during the beginning years, and finally becomes

iformly positive starting about 1976. After 1976 both input
©... display linear behaviour on the log scale, which
is roughly what one would expect for an exponential growih
rote. Aithough ihe power bolance is positive and continues to
increase in mognitude, the inpufs now stay in step with the
outputs. In oiher words, the share of the output which must be
reinvested in new plant construction olways remains at un−
acceptibly high levels; this is a direct result of using a con−

?stunt growth rate instead of the decreasing growth rate ap−
propriote for Germany. Even for somewhat smaller energy
ratios theseresults would hold true.

It was poinled out previous!y Ihat the Jülich calculation em−
ploys a different convention, in which the fossil fuel inputs
necessary lo support a conventional power plant program
with the same electrical output os the nuclear program are
examined. One is thus not directly concerned with an input−
output comparison or the associated question of howthe
electrical output is used. The result obtained by Jülich for
coo! power plants is also shownin Fig. 2. Viewed from this
perspechive, nuclear plants are better ihan conventional
plants almost from the beginning, since ihey consume less

@®’
fuel.
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Fig. 3: Hypothetical result for a
reactor progrom if the 43%

growih rate during 1972−1976
were continued into Ihe future ei...u

1970 1:80 99

The other factors only begin to become important towards
the 1990’s such us when the phase−inin centrifuge enrichment
can no longer compensate for Ihe increased energy costs due

to Ihe assumed fall−off in Ihe assumed ore concentrations.

Chopmon’?s analysis was limited to the diffusion technology,
which howeveris adequatefor the 1970’s. Possible changesin

the net power balance due to changes in the various other

paramelers towards the end of the century are probably not

worth discussing within the framework of Ihe present os−

sumpfions, since other reaclor types (high temperature gas
reactors, for example} may well be in operation also by thot

time. This would have io be included in the calculotion. Also,

other effects should also be considered, such as plant life−

times of only 15 to 20 yearsinstead of Ihe assumed 25 yvors.
Shorter plant lifeiimes would of course moke the net power
balanceless favorable.
This research was partially finonced by Stiftung Volkswogenwerk as part of
a general research project on changes of norms and values (H. Bossel,

project director). (Received on 10. 3. 1976)
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