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There is a linear increase of the doubling time T related to the
growth formulas, as can be seen in the graph on page lo as well:

T o= (21/2.09 S1) -t
u

2)
1/2.34 (
T=(2/23_1).

o]

The exponential increase with constant doubling time that is often

used does not express the gradual saturation of the demand.

2.5 Nuclear Fuels - Demand and Supply

- s g = = - ———

If the power installed with a certain reactor type 1s known as a
function of time, following 2.2, the respective mass-flow of
fissile and fertile materials become of interest. In addition

to burnup and conversion the inventories, tied up in the reactors
as well as 1n fuel cycle, are of great importance and are strongly

influenced by the rate of annual increase in the number of reactors.

To cover these dynamic effects, detalled balance equations based
on the work of R. GIBRAT 1—19;7 were elaborated 2—20_7. Thelr
structure can be discussed only shortly. They start with relations
for the flowrate of a substance measured in units of t/a . The

initial flow rate D; at the start of the fuel production line is

given as

S S s d ap

= . - S S . S =
D (t) =X d_ P(t S‘B + F) + P(t + F) for >0

(3)
s dp
= . ¢

K d_ P(t +8F) for 4+< 0

The output D; of the reprocessing plant is given as

S s dP
Dw(t)=Kd1~P(t—8B—8w) for == > 0
(%)
s s d dp
=Kd1'P(t-Sw)—197l~-d—tP(t—8w) for — £ 0

where P(t) is the power of all reactors of type i in units Gw9 and ¥

is the average load factor.
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The other symbols have the following meaning

a®, /t/GW - a/ Recharge factor; measures the throughput
oL = e - of substance s as necessitated by burn-up
and fabrication losses for one Gigawatt-
year
dii _[-t/Gwe . q;7 Discharge-factor; measures the amount of

substance s recovered from the repro-
cessing plant (allows for losses) for one
Gigawattyear

/—t/Gw 7 Inventory-buildup factor; gives the amount

- & of substance s necessary to install one
Gigawatt electrical power (including spare
elements)

ﬂ7ii Z—t/Gw 7 Discharge inventory factor; gives the amount
& of substance s available after shut down of
one Gigawatt electrical power and after
reprocessing

3 éfa 7 Fabrication time; covers the period between
delivery of fissionable material and charging
of the reactor

> Wi th_7 Reprocessing time; covers the period from
discharging of the reactor until arrival of
the fissionable material in store

L. [ a 7 Load delay; accounts for the fact that the
first refill will take place a certain time
after start-up of the power station.

The index s generally refers to the different fissile and fertile
nuclides. Subsequently, we shall consider natural uranium (s = n),

fissionable plutonium (s = p) and thorium (s = t).

The net annual demand Z° (t) of substance s needed for the reactor
population in question in a one type strategy is obtained by properly
coupling equations of forms (3) and (4) and allowing for the materials
balance of a diffusion plant, if applicable. If multitype strategies
are concerned, the Zi of different populations i may be easily com-

bined.

The most important example is the two type strategy of our study

(chapter ©) based on a common plutonium stock for breeders (B) and
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converters (K). This strategy is governed by the difference-
-differential equation

Pe) = 2 [ (8) - B ()7
i=B,K

Here Zp(t) means an external Pu-source, that will be set equal to

zero in our examples.

A detailed presentation of this method is given in Z-2q;7 and‘z—1§;7.

2.4 Cost Evaluation

Concerning the cost evaluation we havetried to go into detaills as

far as possible, as we have done before with regard to the mass flow

rate model. The limitation is set by the data available. The cost

evaluation is based on the present worth method throughout.

The specific cost of investment k_ in units of Dpf/kWh were calcu-

I
lated by using the formula

] R+ S
kp = 8'%3‘"?{ Ky [ ms—t + gtV ]+ KD(R+S+VS+VH)}
1-(Q 1oo)

The symbols have the following meaning

KA [TbM/kwe_7 Specific investment cost, including the
direct and the indirect investment cost
plus interest during construction period

KD = loo Z—DM/kwe;7 cost of DQO

R=17 Zfo/o / a;7 interest factor for foreign and own
capital

S = 2.7.Z—o/o / a;7 taxrate

Vg = 0.5 ZT?&) / q;7 capital insurance

VH = 0.5 Z—3Q> / a_7 liability insurance

L=25/a/ plant life

(5)

(6)
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It is complicated to evaluate the share of the fuel cost following
the present worth method. This problem has been treated in complete
generality by H. SCHMALE et al. 1—21_7. Our treatment 1722;7 repre-
sents essentially a simplified version of this work and is based
on the approximation formula for the average share of the fuel cost
kBr in units of Dpf/ kWhe
i S amtRam™

R I x E 3 -L -
= ¢/ k - k. (14R) ~ /+ -
B E1[1-(1+R)-L_7§ - -z 1 - (LR)TRZ

The respective symbols have the following meaning

K* ZTbM/kgL7 present worth of the cost for fresh fuel
(incl. taxes), referring to the date of
fuel insertion into the reactor

x _ present worth of the net-proceeds for
k ZfDM/kgL/ used fuel (incl. taxes), referring to
the date of fuel discharge from the reactor

El Z—kWh/k5;7 energy extracted from the fuel

8 1?1_7 excess elements on reserve

SR Z_g;7 inpile-time of fuel

Z 171_7 number of subcharges in the reactor

The quantities ko and kl themselves are defined by

S

5
K =S4 G 3507 - (e T e £ 2 et 2 i) (8)
S

S
R 6 35)7 - (1 Tos) [ o5 >—; Xy K- (8 Kpti)7 (9)

The symbols have the following meaning

X ZTDM/kg;7 Fabrication cost for fuel, referring to
1 kg of fissile and fertile materials
contained therein

s s
K; K / DM/kg / cost of the components s of the fuel for
insertion (o) or discharge (1)
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xs; x? Zfo/q;7 percentage of component s at insertion (o)
° or discharge (1)

ms 171_7 fabrication-loss factor

vs ZTLJ7 reprocessing-loss factor

KA’KTR’KR ZfDM/kg;7 cost for reprocessing, transportation,

and reconversion respectively.

3. On Nuclear Fuel Resources

3.1 Preliminary Remarks

In judging the various strategies to the respective amounts of fuels
needed, the fuel prices that enter in ki and kt are of major concern.
These prices develop by interaction of supply and demand; they were
predictable if the supply, i.e. the uranium and thorium resources of
the world and the demand, i.e. the plans for nuclear development of
all countries, were sufficiently well known. As will be shown below,
there areonly rather vague statements posslble concerning the re-

sources of nuclear fuels as well as the development programs.

Therefore, we have limited ourselves to consider two price trends as
a working hypothesis, that seem plausible to us, to estimate the
influence of price changes, as we have done already with regard to
the power development programs. It may be stated in advance, that
the uranium prices have only little effect on the cost of nuclear
energy production, because fuel costs do not constitute a major
part of those. Therefore it is all the more justified to use price

models.

Hypothesis II assumes the cost of nuclear fuels in the "optimistic"
limit to remain at the level characteristic for 1970 - 1980, as

shown in table 2, which can be reasonably well substantiated.

To cover the influence of possible increases in price hypothesis 1], it
was confronted with the "pessimistic" hypothesis I, which has also

been shown in table 2.
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Table 2 Iimits for Price Trends of Nuclear Fuels

Substance IT optimistic I pessimistic
1970-20k0 1970-1985 19§5-2000 2000-20l0

U308 (g/1b) 8 8 20 30

ThO,, (8/1p) 8 8 20 30

Pu (8/g fiss.) lo lo 27.5 27.5

These guiding values were gained by the following considerations:

3.2 World Reserves of Uranium Ore

The estimate of the world reserves of uranium that have been published
between 1959 and 1964 show a considerable fluctuation. In 1959 1723L7
and in 1960 1724;7 the reserves of cheap uranium (below 8-1o g/1b U308)
were estimated at about 1 million tons and it was assumed that up to
the year 2o0oo 3 further million tons could be mined at the same price
level. In 1962 Zf25;7 the reserves of the USA alone was given to be
about 0.8 million tons of cheap uranium and further 0.7 million tons

in the category of lo-3%o 3/1b U308° The latest estimates in 1964 Zf26_7
figured the resources still available after 1980 in the United States
to 0.275 to 0.320 million tons in the lowest price category and to

0.63 million tons in the second lowest one.

A comparison of the latest estimates with the known development
programs leads one to the conclusion that the known cheap resources
would be exhausted in the 8o’s, resulting in a transition to the next
category. The uranium prices, however, are assumed not to increase
too heavily in the roreseeable future. First of all, the possibility
to gain up to 109 tons of uranium out of the seawater 1—2747 would

set an upper price limit of about 30 F/1b U 08. The growing demand

3

for uranium also will presumably lead to the prospection for uranium,

reduced for years, to discover new reserves. Finally, the start-up
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of fast breeder reactors will lead to a pronounced decrease in the

demand for uranium.

Extrapolating the US-data as given in Zﬁ2§;7 to the world as a
whole and using the relations valid up to date, one gets the orders

of magnitude shown in table 3.

Because Germany produces about 5 o/o of the world’s electric energy,
one can assume as a gulde line, she also can claim about 5 O/o of
these resources. If the demand for natural uranium in Germany will
stay within these limits -amd we will show on the basis of the twe
type strategies that this is very well possible - one comes to the
conclusion that German decisiors in the fileld of nuclear energy will
rarely have any influence on the market for uranium. This is an
argument to consider very reservedly the results of optimizing stra-

tegic games that are merely proceeding from the German situation.

Taking as a basis the curve for average uranium consumption for the
strategies here investigated, one obtains periods (right-most column
of table 3) that are characterized by a certain price category (left-
-most column of table 3).

Table 3 Uranium Resources and Price Trends

Price category world resources share available sufficient
g/1b U308 106 t U308 fog Germany for
1o ¢ U308
8 1 50 1970 - 1985
2o 1 50 1985 - 2000
50 2,4 120 2000 - 20k0

Our calculations,based on table 2, also did consider the dependence of
the cost of enriched uranium on the optimized waste-concentration of

the diffusion plants assuming the separation cost to remain constant at

3o 3/kg.
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3.3 Plutonium Prices

The problem of the plutonium price embraces a number of assumptions
regarding the ratio of converter - to breeder power on a world basis.
Inspite of extensive theoretical work, e.g. Z_26;7, no conclusive
results have yet been obtained. Therefore, we have based our price
models on plausibility assumptions, as we have done before in chapter
3.2 (cf. table 2). It has been shown in Zﬁ}, 29, 3947 that the value
of plutonium as a substitute for U-235 in a thermal reactor amounts
to about Yo DM/g of fissionable material, based on the cost of U-235
supposed to be in effect in 1970 - 198o.

Higher plutonium prices would render recycling of plutonium to thermal
reactors unprofitable. Because the perlod from 1970 to 1980 is charac-
terized by the predominance of thermal reactors the plutonium price

will stay within the order of magnitude just mentioned. Hypothesis II

assumes this price level to remain constant until the year 2olo.

Hypothesis I is arrived at by the following argumentation. Starting
in the mid-eighties the installation of breeders may increase the
demand for plutonium. This would result in an increase of the price
for plutonium. As was mentioned before, criticality calculations

show 1 g of fissionable plutonium to be equivalent on the reactivity
scale to 1.5 g of U-235 in a fast breeder. Using the factor 1.5
results in a value of 1lo DM/g of fissionable plutonium. Higher plu-
tonium prices would render it profitable to use U-235 in fast breeders.
This couples the price of plutonium for the period in question to

the price of uranium in 1985 to 200o0. After the year 20oc the breeder
will produce enough plutonium to become independent of external
sources of fissionable material. Therefore,no change of the price of
plutonium is expected after the year 2000, one would rather expect

a decline of the price level.

3.4 Price Trends for Depleted Uranium, Thorium and U-233

The price of depleted uranium was taken to be equal to the present

price of 12 DM/kg for the whole period considered. To assume a price
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depending on the price of uranium concentrate would contradict
the fact that diffusion plants and convertermswill produce large
amounts of depleted uranium from their start-up and the demand of
the breeders (being the only users of depleted uranium) will make

a small percentage of those only.

At present, the prices for thorium-oxide (Thog) tends to follow the
prices for uranium concentrate. Therefore in a first approximation,
we assumed the price trends to be the same as those of uranium

concentrate.

Concerning the reactor type THIR, U-233 is recycled to the reactor
again and again without resulting in a surplus or needing a supply.

So we have not established any price, following the arguments of Zf28;7.

4k, Explanations Concerning the Reactor Data

The references for the sources of the reactor data have been mentioned

already in chapter 2.1 (tables 4 and 5).

The net electric output P was normalized to looo MWe, to obtain
numbers comparable to each other; this was necessary in particular

with respect to the reactors IWR (ORNL), GG (CEA), and Na-BR (GE).

Concerning the average specific power "r" and the average burn-up

"a" one has to note that core and blanket as a whole were counted as

fuel. This definition leads to unusually small figures.

The load-delays SB for reactors employing batch charges were gained
by dividing in-pile time by the number of batches and were taken as
0.5 575_7 for continuous charging.

The reprocessing time Sw and the refabrication time S _ if not given

by the out of pile cycle as in the case for breeders wzre rather opti-
mistically taken to be 0.6 or 0.5 years respectively, taking future

development into account. The shorter cycle times for breeder reactors
arise from the argument that one should permit little fuel only to be

tied up in the out of pile cycle, otherwise high unproductive capital
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ties would result. The total out of pile time turns out to be 3 sub-
charges of 1/3 in-pile time each for the Na-1 BR (KFK) and 5 subcharges
with 2/5 in-pile time each for the Na-BR (GE).

The factors concerning recharge, inventory, and discharge have been

explained already in chapter 2.3.

The waste concentrations of the diffusion plant with respect to hypo-
thesis II for the case of fixed separation cost are given at the bottom
of the table 2 (cf.chapter 3.4).

The specific plant cost KA contain the direct plant cost as well as the
indirect plant cost appearing as owner expenses, interest during con-
struction and contingencies. To obtain a common basis for comparison,
the indirect cost were calculated for all reactors in the same way by
adding to the direct cost 3o O/o owner expenses and contingencies and
further adding 11 O/o interest during construction on these total invest-
ment cost for the whole construction period. For the DQO reactor the
plant cost also includesthe cost for the D20 without depreciation

(interest and taxes and insurance).

To have a common base, the annual operation cost KB were taken to be the
same for all reactors only in the case of the D2O reactor the cost for

D20 losses were added.

The information concerning cost of fuel fabrication KF were taken from
the respective references. With regard to the cost of reprocessing K,,
transport KT’ and reconversion KR we refer to the detailed report Z_15;7.

The specific cost of investment K. and fuel kBr per kWwh are obtained by

I
applying equations (6) and (7) for a load factor of 0.7 £ 6000 h/a and

using the cost data from above.

The prices for U308—ooncentrate and the prices for plutonium of

hypothesis I coupled herewith (cf. chapter 3) have been repeated.



% 6ceLo §991°0 Lese o % | 315vm ﬁ%mmﬁﬂﬂﬁ%%%w
2 g o 13A31 NOIL31d3a
050z - 1002 000Z - 986! S0GL - 0464 aoryad
-1 -1 -1 - -\ - Yezogajogral - | -|- | -|-|-| -} |- o il e @% WP Yl 2
aw|aci| e wot| i ot - | - | - |cecioferroleesiofesic oleeis ofric o] eter o|6igs olsiero 6IUE OB 0)611CO P 086ee obscz 0 m@% y.,m ‘ nd ixmml
62-9tj629c| 62 9c|gi e | oo |eret|scu| swarse ez |sy eokrzsiees| o o | o | o | o | 0 |sseckvos|szue |corlaear|ossr &do o Ceuy o ® ml
S R R s6es) 96€6,96%€6f - | - | - |- | - |- -1 -|-|-1-1-1-|-1- §Jm R ul mm
verz| e, veve| zozzjevez o) - | - | - [ o oofoloofojolofolo ofo]|o o | %2 m¢ e lwml
2:09| 5:09| 9209 e65e| as5e| 86-5e| zuse] oeey| 1209| 1208 cves| ovos| 9vst| 998 9vai| 29S|z ms |z is|6 609 | 7079| 9 2ec|ese| erslz0ny w\ﬁ‘ A N 10up) mmJ
- - - - - |eea|eesece) - - - - - - -t - - -0 - -t -] - % P Yl m
eoet| ever| eoefsoz|soenlsozt| - | = |- | ol olo|ololo|lololololo]lolololo Nuw ;Mn‘ g ml
racleeec | ce 9|69 61(69°61| 69°a|61°05(18 19 96 €L | 6791| SzLi|s 961| 1rvet |1 vat| 1 ver|voez v oce |y oce| seee|rose|s sl zoz|0ziz| £ 192 Sh\_|o p 1oup mi
sfafej2|a|olo ajolojglofojajofofafolojalofojalo 13A1 NOIL31d30
zz'0 sz°0 050 050 050 050 05°0 050 o | “p | IWIL NOILVIINEVS
0s 0 050 090 090 090 09°0 09°0 090 o | Mo | IWILONISSIOOYLIY
20 050 8.0 " oso 050 050 L8°0 88 0 o | % Av13d Qvo1l
9g'2z 0'6€ 1Ls 002 06 0s 05z 01z %sm& o | dNN¥NE 3OVYIAV
§150°0 7190°0 %200 £10°0 0200 29000 L200 1600 wmw 4 | 43MOdI3dSIOVNIAY
07°0 290 29°0 190 €0 z€0 2e0 (0 (| L |AoN3I01343 INVd
0001 0001 0001 0001 000! 0001 0001 0001 Mw | o |¥3MOd D1419313 13N
DENIYE-ION (39 4g-ON | (voI4IH wIVINYOV | mss)0¢q (v32199 MSSIIMT | (INDYMT [ NIG \GWAS| ALIINVND
Vivag 401I2V3IY TVIINHOFIL 7 lleqo]




-22-

QUANTITY SYmB| DIM| L WR (©ORNU LWR(ssw) GG(cea) D, Ossw) | AGRUKAEA) TH TR(ca | Na-BR(Ge) | Nal-BR(KFK)
SPEC.INVESTMENTC. | K mlwwm 532.8 577.2 692.6 634.9 606.0 467.3 6349 599 4
ANNUAL OPERATING C.| Kp | 221 7.3 - 10¢ 7.3 10° 7 3-10° 8.3- 10° 7.3 -10° 7.3 10°¢ 73-10¢ 7.3 10°
FABRICATION COST | Ke | b | 250 300 71 200 300 1000 476 300
REPROCESSING COST( K, | o| 100 100 80 90 100 200 120 260
TRANSPORTATIONCOST| Kyg »wmﬁ 40 40 30 30 40 40 40 100

_ vyt DM , - - -
RECONVERS 1o 1Y T Kg Ky kg 22.4 22.4 22 4 22 4 -
cosT Upy | KP| 2M 6 6 6 6 6 - 6 6
| R g
- .
PRICE LEVEL a b ¢ a b ¢ a b c a b ¢ a b c a b c a b c d b c
pf
SPEC.INVESTMENTCOST K/ mss 102211022 |1022 {1107 (1107|1107 |1329(1.329 |1.329]1.218 | 1218{1218)|1136 |1.136 |1136 |0.915|0 915(0.915|1.218|1.218 |1.218 | 1150 | 1.150 | 1.150
SPEC.OPERATING COST| kg m&lw. 0.119|019 | 0119 |0.119 | 0.118 0 119{0.119 |0.119 | 0.119]0.135 |0.135{0.135/ 0.119 | 0 119 | 0 119} 0 119| 0.119}0.119]|0.119| 0 119]0.119 | 0.119| 0 1190 119
SPECIFIC FUEL COST| kg | 2% 10766(0.9451 225 | 0.691]1.087] 1415] 0741} 0.861| 1155 | 0.564] 0.547]0 724 0.733/0.966| 1 213] 0.76730 964 1117 | 0 274 0 4250425 ]0. 349|0 380/0 380
SPEC. ENERGY COST | k. m.m\m_ 1907 |2 090|2.306 | 2 117)2,313| 2 641) 2.189| 2 309| 2 603] 2.092| 2 0752 253 2 015|2 248|12495(1797 |1.998| 2151|1.615 |1.762(1.762|1618|1.649 |1 649
PERIOD 1970 - 1585 1986 - 2000 2001 - 2050
PRICE LEVEL a b c
F;
5000 8 20 30
PRICE OF URANIUM CONCENTRI— 1
H.N|Q,O| 70 48 176 21 264.31
Halg
_ DM
PLUTONIUM PRICE T sod B A 40 108.8 108 8
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5. Explanations Concerning the One Type Strategies

In the one type strategy the demand for nuclear energy will be
satisfied exclusively by additional installation of reactors of one
type. The graphs on pages 24 to 31 show the results for each one ot

the reactors characterized in tables 4 and 5.

In all graphs the results for the upper estimate of the demand are
shown by a full line while those for the lower estimate are shown by
a dotted line. On the top left the graphs show the annual cost of
energy production, while on the top right they show the cumulative
demand for natural uranium or for plutonium in the case of breeders.
On the bottom left the cumulative output or demand for depleted
uranium from the diffusion plants respectiwly is given. On the bottom
right the cumulative output of fissionable plutonium is shown with

exception of the graph on page 29 which displays the demand for thorium.

Some of the curves branch starting in 1985 depending on what hypothesis
of the further price development for uranium and plutonium (I or II) is
applied (cf. table 2). This is obvious for the annual cost. Concerning
the cumulative amounts of natural and depleted uranium the price in-

creases of hypothesis I will result in decreases because of a reduction

in the waste concentration of the diffusion plants (tables 4 and 5).

For fast breeders the cumulative output of plutonium will not become
positive before the annual output exceeds the annual consumption and
before the accumulated demand for plutonium has been satisfied. The
initial demand is displayed cumulatively on the top right of the graph
for the fast breeders. The maximum corresponds to that year, starting

from which no plutonium has to be added.
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ONETYPE STRATEGY
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6. Explanations Concerning the Two Type Strategies

As was mentioned before, the growth of a breeder population may be
coupled to a converter population. This is achieved by two conditions
within the framework of the two type strategy. First new reactors

will be added only according to the energy demand-curve. Secondly the
newly added reactor will be a fast breeder, if enough plutonium from
converters and fast breeders already in existence has accumulated. Here
it has to be mentioned that to begin with 2 t of plutonium will be
withdrawn from the system for experimental purposes. Using this method,
the results for the four converters IWR (ORNL), IWR (SSW), D0 (SSW),
GG (CEA) combined each with the breeders Na-BR (GE) and Na-1 BR (KFK)
were obtained. The curves show the respective shares of the nuclear
power production. These allow one to compute the cost of power produc-

tion as well as the demand for nuclear fuel.

The results for each converter type are displayed in three consecutive
graphs. The first one shows on top the combination with Na-1 BR (KFK),
having a high breeding ratio (1.38) and for comparison on the bottom
the combination with Na-BR (GE), having a lower breeding ratio (1.25).
The dotted and full lines refer to the lower and upper estlimates of
the demand respectively. Because only looo MWe plants are considered,
the number of power stations in operation at a certain time mmy be
found immediately. One curve refers to the breeder while the other

refers to the converter. Both combined will result in the demand curve.

Each of the second graphs presents the annual cost of energy production
for the two demand curves and the respective reactor combinations.
These costs start branching from 1985 onwards and become higher for

increasing uranium prices.

Each of the third graphs shows the consumption of natural uranium for

a two type strategy as well as the amount of depleted uranium, taking

the combination with Na-1-BR (KFK) as an example. The fact that the

fast breeder will use some depleted uranium has been taken into account.

In the case of combinations with the two light water reactors the demand

curves branch, the lower one having resulted on account of the decreasing

depletion level in the diffusion plant for increasing uranium prices.
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7. Explanations on Summarized Results

The subsequent pages and tables present important characteristic
numbers that have been taken from the numerical evaluation of the
one and two itype strategies. Considering the limited resources of
cheap natural uranium, the cumulative uranium consumption turns out
to be the crucial quantity of a certain strategy. This consumption
until the year 2000 is shown by the figures on page 46 for the one
as well as the two type strategies, for the lower as well as the
higher demand curves, and for the hypothesis I and II (concerning
fuel cost). The figures on page 46 emphasizes the strongly reduced
uranium consumption of the two type strategies by comparing the con-
sumption of a converter generation with that of a combination of the

same converters with Na-1 breeder, all data referring to the year 2olo.

The annual cost of energy generation in the year 2oco0o form the second
characteristic number for the different strategies and are presented

on page 48.

Finally, the present worth of the cost of the total energy generated
from 1970 to 2000 constitutes a particularly characteristic number. It
is presented in table 6 for different strategies in addition to the

cumulative fuel demands and the annual cost.

Table 7 gives the annual cost of energy generation, investment cost,
capital cost, operating cost, and fuel cost for different years referring
to the examples IWR (ORNL) and IWR (ORNL)/Na-1 BR (KFK).

Table 8 repeats numerically the cumulative demand for natural uranium

that has been presented already in the graphs on pages 46 and 47.

Table 9 gives an estimate of the annual flow rate through the reprocessing
plants. This enables one to recognize the dependence of the amount to be
reprocessed on the different one and two type strategies for the years
1975, 1980, 1990, and 2oco0.
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TABLE 7

ANNUAL COST

(IN BILLION DM )

YEAR | TOTAL COST OF INVESTMENT CAPITAL OPERATION FUEL
ENERGYGENERATION| cosr cOST cOST cosT
1 2 ! 2 1 2 1 2 1 2
1970 0.24 0.24 - - 0.13 0.13 | 0.014| 0.014 | 0.095| 0.095
1975 1.0 1.0 0.95 | 0.95 0.52 | 0.52 | 0.063| 0.063| 0.39 | 0.39
19 80 2.3 2.3 1.55| 1.6 1.25 .28 0.19 | 0.18 0.90 | 0.80
1990 8.0 6.4 2.6 2.8 3.9 4.1 0.46 | 0.47 3.6 1.9
2000 | 17 15 4.6 4.9 8.3 9.0 0.97 | 1.0 7.7 5.0

)

FOR THE ONETYPE STRATEGY WITH LWR (ORNL)

2 FOR THE TWOTYPE STRATEGY WITH LWR(ORNL/Nal-BR (KFK)

(CAPITAL-,0OPERATION-AND FUEL COST SUMMED UP RESULT

IN COST OF ENERGYGENERATION SHOWN IN THE

1“COLUMN)
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TABLE 9

FLOWRATE THROUGH THE REPROCESSINGPLANTS

INTHE FEDERAL REPUBLIC OF GERMANY (t /a)

1975 19 80 1990 2000
1 2 1 2 1 2 ! 2
LWR (ORNL ) 252 252 656 648 2171 1945 4772 4038
LWR (SSW) 212 212 552 521 1828 1664 4017 3724
GG (CEA) 1018 | 1018 2652 2319 8777 5375 | 19300 7690
I . R R
D,0 (SSW) 548 548 1430 1287 4727 3321 {10390 5813
Nal1-BR (KFK) 176 - 457 - 1512 - 3322 -

1 ONE TYPE STRATEGIES

2 TWO TYPE STRATEGIES

WITH FAST BREEDER Na-1BR(KFK)
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8. Discussion of Results

The results as given in the last three chapters represent the actual
outcome of the studies of the "Studienkreis Kernenergiereserven". A
discussion of this wealth of results some of which are rather complex
in nature may contribute a certain amount of subjective bias to the
interpretations. Accordingly, the discussion of the resulis merely
represents the opinion of the authors of this study who have been

mentioned by name.

It will be useful first to consider the demand for nuclear energy
(equation 1). The curve referring to the maximum demand is increasing
with the 2.34th power of the time, l.e. does not increase exponentially.
One rather finds a linear increase with time of the doubling time for
nuclear energy (equation 2). In 1986 already, this doubling time
reaches the value of 7.5 years. Following the maximum estimate, in
1980 one expects a demand for 2o Gwe and in 2coo0 for 132 Gwe of
nuclear generation capacity. The respective values for the minimum
estimate are 15 Gwe and 85 Gwe. These estimates are in good agreement
with corresponding one done for instance by EURATOM and France. The
graph on page lo shows a comparison of this information from different
sources. In addition, the doubling time of the curve for the German

energy demand has also been given.

Now turning to the results of the one and two type strategies, one has
to point to a remarkable fact: the original cost data as given in the
data blocks for different reactors (cf. table 5) are very close to
each other. This implies that the energy costs calculated from these

data will also be very similar to each other.

The French gas-graphite reactor, for instance, shows energy cost
higher by about 15 O/o and investment cost higher by about 3o o/o
only as compared to the IWR (ORNL), while an analoguous comparison
with the respective British data leads to a larger difference. As

has been mentioned before, however, it was not the task of this study

group to evaluate and weigh the input data.
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We now turn to the cost of one type strategies. If we limit
ourselves to the near future, the results of the one type
strategies are characteristic because the two type strategies
show that it will be a considerable time before the breeders
will take over a larger percentage of nuclear energy generation.
Because the cost are rather similar, it is not of much interest
to give exact numbers but to indicate the order of magnitude

and approximate date, when these costs will occur. In 1975 the
anmial cost of energy, that are composed of capital charges,
operation and fuel costs, will reach the amount of about 1 billion
DM annually. In 1977, the investment cost alone will reach

1 billion DM per year, while in 1979 the capital charges related
to the investment cost will amount to 1 billion DM (cf. table 7).

Now turning to the cost of two type strategies we find that the
difference in annual cost of energy production accumulated until
1984 to amount to 1 billion DM, between the one type stirategy
IWR (ORNL) and two type sirategy IWR (ORNL)/Na-1 BR (KFK). It is
useful to keep these figures in mind, as at present the develop-
ment cost for a line of reactors are occasionally discussed to

amount to 1/2 to 1 billion DM.

The question concerning the cumulative amount of fissionable
plutonium represents another important point. Up to 1970, one
expects about 500 kg totally. In 1980 1o to 20 t of plutonium
will be available in the Federal Republic. This implies that the
technology of plutonium and of chemical reprocessing have to be
mastered within the next years. It also means that in contrast
to the U-233-thorium cycle these amounts of plutonium by means
of their mere existence will enforce a continuation of the
intensive study of the plutonium-U-238 cycle. This is internally
connected to the fact stressed here emphatically that the con-
sumption of natural uranium occurring for one type strategies

leads to the build-up of almost equal amounts of depleted uranium.
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The IWR (ORNL) strategy for example by the year 2ooo will lead
to a cumulative demand for natural uranium of about 250 - lo3 t
while the build-up of depleted uranium will amount to about
230 - 1o3
as well as the accumulated depleted uranium, enforce a further
study of the plutonium-U-238 cycle.

1. Both of these substances, the accumulated plutonium

It may be reasonable to add some remarks referring to the THIR

reactor in particular. As the mass balances show, by the year
1o3 t will
> t

2000 for instance a demand for natural uranium of 114 -
exist, being accompanied by a demand for thorium of 14.9 - lo
only, i.e. 13 O/o of the former. So long as the THTR does not
breed truly, it rather represents a reactor with uranium-235 cycle,
that has a relatlvely small corsumpiionaf natural uranium as compared
to one type strategies. The high degree of uranium enrichment in

the THIR leads to energy cost higher than those of the fast breeder
reactors even thoudi the investment cost in the data block for this
study are shown to be smaller as compared to those for fast breeders.
In this context we again want to point to the fact that in compiling
the data block for the THIR reactor the value of the U-233 circu-
lating in the fuel cycle of the THIR reactor was taken as zero.

Only a short discussion on the time dependence of the uranium price
would suffice. If the price of uranium concentrate (and being
connected with this, the price of plutonium) will rise from 8 to
30 g/1b the specific energy cost will change by about 3 o/o for

the Na- fast breeder, by about 8 o/o for the D2
20 0/o for the IWR (ORNL), and by about 25 o/o for the AGR and the
IWR (SSW).

0 reactor, by about

Finally we want to discuss the problem concerning the consumption
of the uranium resources that forms the basic question of this study.
In doing so, we will use the resultis of one type strategles as well

as two type strategies. We have to realize first, that according to
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2 4

the considerations of the third chapter there will be about 1lo
of uranium ore available until the year 2coo. If we are willing

to consider the third category of ore, being distinctly more ex-
pensive, we gain additional 105 t, resulting in a total of 200,000 t
of ore available. We will call these resources the resources of
class 1. Considering the uncertainty of prospection and taking into
account the opinion of many experts, one may figure there are
possibly 200,000 more tons available on a relatively high price
level for Germany (Federal Republic). Thes€resources, only possibly
available, shall be called the resources of class 2. The resources
of classes 1 and 2 combined therefore amount to about 400,000 t.

Let us now consider the magnitude of the cumulative demand for
natural uranium first for the one type strategies up to the year
2000. The THTR needing 114 - lo3 1t and the D2O reactor needing

168 - lo} t stay within the limits of class 1 resources (cf. page 49).
All the other reactor types, however, have to add some of the class 2
3 t needed for the AGR

t needed for the gas-graphite reactor. We

resources, beginning with 232 + 1o
reactor up to 327 - lo3
have not included the breeders in this comparison of one type strate-
gles because they are not able to start on their own. To summarize
one may state that until the year 2oo00 the uranium consumption of

the one type strategies is high for some particular types, but is
not prohibitive. The uranium consumption of the two type strategies,
on the other hand, amounts to smaller values, but not much smaller
ones because up to 1985 to 1990 each two type strategy is very
similar to the corresponding one iype strategy and the same applies
to the respective uranium consumptions. The uranium consumption

of the two type strategies lies between 69 'lo:5 t for D20/Na—1 and
133 - lo3 t for IWNR (ORNL)/Na-1, i.e. clearly stays within the

1imits set by class 1.

The demand in 2olo (cf. page 51) on the contrary looks qualitatively
rather different. Each one type strategy implies a demand for
natural uranium ore that clearly exceeds the amounts supplied by

classes 1 and 2. The demand amounts to between 1700 ° lo3 t (DEO)
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and 3200 - lo3

Judge such a demand for natural uranium is prohibitive, even if

t (gas-graphite). As far as we can presently

one takes into account the uncertainties of the prediction. Thus,
it 1s not possible in the long run to satisfy the demand for nuclear

energy using merely a converter reactor type.

There are two solutions to this problem. Either one starts to extract

uranium out of the seawater or one introduces breeder reactors.

If we consider the possiblity of breeding, as has been done in this
study, we will find it necessary to calculate the cumulative demand
for natural uranium at that time, when the last converter reactor

of our two type strategy has been shut down.

For the two-type strategies employing Na-1 BR (KFK) this will happen
before 2odo. After this date in the long run one will need depleted
uranium only for newly installed breeder reactors. The total demand
up to 2ob4o may be found on page 51. It is smaller by 1.5 orders of
magnitude as compared to the demand of converting reactors for
natural uranium. Accordingly, the demand for natural uranium until

20lo will be as follows:

IWR (ORNL) / Na-1 BR (KFK): 220 * lo° t
IWR (SSW) / Na-1 BR (KFK): 2lo °* 10”0 ¢
GG (CEA) / Na-1 BR (KFK): 160 - lo° t
D20 (SSW) / Na-1 BR (KFK): 109 ° 1o3 t

The maximum of the converter power installed will amount to:

IWR (ORNL) / Na-1 BR (KFK): 50 Gwe in the year 1998

IWR (SSW) / Na-1 BR (KFK): 38 GW_ in the year 1993
GG (CEA) / Na-1 BR (KFK): 32 Gwe in the year 1992
D0 (SSW) / Na-1 BR (KFK): 37 GW_ in the year 1994

The decrease of the power supplied by converters will start to take
place five or ten years later. Pursuing the two type strategies of

the GE breeders until 2ol4o, when the converters will have been shut
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down toc, results in the subsequent data:

IWR (ORNL) / Na-BR (GE): 650 ° 1o3 t
INR (SSW) / Na-BR (GE): 1470 - 1o3 t
GG (CEA) / Na-BR (GE): 375 - 1o3 t
D20(SSW) / Na-BR (GE): 235 - lo3 t

The maximum of the converter power installed will amount to:

INR (ORNL) / Na-BR (GE): 8o Gwe in the year 2008
IWR (SSW) / Na-BR (GE): 60 Gwe in the year 2005
GG (CEA) / Na-PR (GE): 48 Gwe in the year 2002
D0 (SSW) / Na-BR (GE): 58 GW_ in the year 2005

This result is a very remarkable one. The GE breeder, employing

a rather low breeding ratio of 1.25, if combined with light water
reactors as converters leads to an absolutely inhibitive demand

for natural uranium while the KFK breeder, having a breeding ratio
of 1.38 even in combination with weak converters will result in

a demand that can just be satisfied within the limits set by class 1.
Even more: the best converter (DgO) in combination with the less
efficient breeder (GE) leads to a total demand (235 - 1o3
than that for the combination of the least efficient converter
(LWR-ORNL) and the more efficient breeder (KFK) (220 ° 107 t).

t) larger

We further state: In case the fast breeder here considered breeds
rather well, i.e. if the breeding ratio is larger than about 1.4,
it may be possible for a breeder of this type to be combined with

any converter type without exhausting the resources of class 1.

Therefore, Jjudging from these facts, it is not necessary to develop
an intermediate generation of highly converting reactors and to
install those in 1985 - 1900. If, on the other hand, the fast breeder
under consideration has a rather small breeding ratio, the inter-
action solely with a lightwater reactor is not possible, 1.e. there
will be 2 need for an intermediate generation, for instance one of

DQO reactors. The minimum uranium consumption that can be achieved
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in this way is given by the two type strategy DQO/GE and, again,
may be satisfied by the resources of class 1. These results render
it interesting to compare the additional cost of introducing an
intermediate generation of highly converting reactors with the
cost that may possibly arise in the achievement of a high breeding

ratio of a fast breeder.

we state Inaddition that an intermediate generation of highly
converting reactors will become necessary as soon as one considers
a cumulative natural uranium consumption of about 220 - lo3 t to
be a risk. In this case, however, one also has to build breeders

that have higher breeding ratios.

The absolute minimum possible is achieved by means of the two type

strategy DQO/Na—l BR (KFK) consuming 109 - 103 t only.

The term intermediate generation does not mean this reactor genera-
tion should or could be pushed between the converter presently
available and the fast breeders. It rather will be necessary in
any case to start the installation of a breeder generation as soon
as possible, i.e. about 1980. Our two type strategies show that in
case breeders will become predominant by the year 2oco, in 1985
already about 12 Gwe of breeder power have to be installed. This
then implies that the intermediate generation will be added to the
converters presently available. Accordingly, it is more like a
supplemental generation that should gain its maximum installation

in the nineties.

Confronting the possibility of breeding just discussed with the
possitility of galning uranium out of the seawater, the statements
Just made naturally do not apply. Judging from our present know-
ledge the resources made available by this method are so large as
to render any activities unnecessary in this country that concern

the economic use of uranium.

The problems concerning the extraction of uranium from seawater,

however, have to be considered technically and economically as
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unsolved, while the possibility of breeding seems to be techni-
cally feasible and will most likely provide more favorable prices.

While the installation of fast breeders up to the year 2o0co leads
to a difference concerning uranium consumption of 1.5 orders of
magnitude in the long run, anything similar with regard to costs

is impossible. Because in any plant, in which the reactor is used
as a heat source with heatexchangers, pipings, pumps, and turbines,
the cost difference cannot exceed 15 to 25 o/o. This means that
technical details will dictate the differences in cost. Within the
framework of the cost data presented here, we obtain the following
sequence of the specific cost for the two periods of 1970 to

1985 and 1985 to 2000 respectively:

1970 - 1985 1985 - 2000

Na-BR (GE) 1.62 / DPf/KWh / Na-1-BR (KFK) 1.65 /Dpf/kWh/
Na-1 BR (KFK) 1.62 " Na-BR (GE) 1.76 "
THTR (GA) 1.80 " THTR (GA) 2.00 "

IWR (ORNL) 1.91 " D0 (SswW) 2.08 "

AGR (UKAEA) 2.02 " IWR (ORNL) 2.09 "
D0 (SSW) 2.09 " AGR (UKAEA) 2.25 "
IWR (SSW) 2.12 " GG (CEA) 2.%0 "

GG (CEA) 2.19 " IWR (SSW) 2.31

The data have to be considered with some reservation, because the cost

analysis as has been done here, was necessarily rather summarizing and

all estimates were based on 1970 data. Nevertheless, it may be possible

to state that the dewlopment of fast breeders gets an incentive merely

from the cost point of view too.

Thus, the advantages related to the conservation of uranium resources,
that have been treated before, do not imply disadvantages concerning

cost. Rather, the contrary is the case.
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In this context, it will be necessary, to enter once more in the
problem of the supplemental generation, for instance of DQO reactors.
As long as the price for uranium concentrate will remain at 8 3/1b,
the IWRs (ORNL) have a price advantage according to our data. However,
as soon as natural uranium resources with a price of 30 §/1b of con-
centrate have to be used, even the price advantage of the IWRs (ORNL)
as compared to the D20 reactor of our data block is lost. Both then
are characterized by specific energy cost of 2.25 or 2.30 DPf/kwh,
respectively. As compared to the IWR (SSW), the D20 (SSW) reactor has

a price advantage anyhow.

Further, one has to consider, that the American diffusion plants
presently in existence are able to satisfy a demand of enriched
uranium corresponding to an installation of loo0 Gwe IWRs. Thus, there
may very well come a bottle neck with regard to the supply of enriched
uranium into being in the 90¢’s, when our two type strategies predict

a maximum of converter power installed. This may happen in case not
only Germany but other countries as well pursue a IWR breeder strategy.
This difficulty may be overcome by the installation of a supplemental

generation of D.O reactors at any case. So, it may be worth while to

2
investigate the problem concerning the installation of diffusion plants

more closely.

Concluding, some comments on our estimate of the reprocessing capacities
may be worth while. This estimate makes one point very clear: natural
uranium reactors need a much higher reprocessing capacity as compared
to reactors using enriched uranium and breeders as well. The magnitude
of the reprocessing capacity in a sense is complementary to that of the
separation plant capacities. Here, one may argue that there is no
reprocessing necessary for the natural uranium reactors in one type
strategies. The installation of breeders, however, will imply the re-
processing of natural uranium fuel at any rate. Because breeders will
become more and more predominant, the difference in annual throughputs
then will not be very large, at least not for the two type strategies

IWR (ORNL) - Na-1 BR (KFK) and D,ao (SSW) - Na-1 BR (KFK).
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In order to make the limitations of the arguments used here clear,
we should like to mention, that it was not possible for us to investi-
gate the following possibilities up to the date set by the FORATOM-

meeting:

1. Recycling plutonium into thermal reactors

2. Installing a generation of fast breeders using U-235 instead of

plutonium for start-up.

The alternative 1 may always be used, if a bottle neck with regard to

the supply of enriched uranlum comes into being; however, taking into
account the low criticality factor of plutonium as compared to U-235 in

a thermal reactor and realizing that the further installation of fast
breeders will become impossible means that the installation of the breeder
generation will be considerably delayed. This then will lead to an in-
creasing cumulative demand for natural uranium. The alternative 2 also
merits some attention. Fast breeders using U-235 have a breeding ratio

of at least 1.05 to 1.lo and so represent the most efficient "converter".
One has to investigate the cumulative demand for natural uranium in this

case as well as the date of the maximum demand for enriched uranium.

Concluding the discussion of the results, we want to point out repeatedly,
that this study has aimed at a limited goal. This goal was not, to come
to an extensive rating of all the aspects of the different types and the
respective strategies. A rating of this type had to enter into technical
details and into detalls of the cost factors more thoroughly. Problems

of foreign exchange had to be considered too in close connection to poli-
tical questions. All this is beyond the goal of this study. The data
supplied by this study, however, were supposed to provide a basis for
discussions of this type and to set a framework, considering the problem

of uranium resources in particular.
9. Conclusions

With special reference to the discussion of the results as presented in

chapter 8, it is possible to formulate the following conclusions:
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1. An upper estimate of the demand for nuclear power installed leads

one to expect 130 Gwe in the year 2oo0o0.

2. In 1975 the total annual cost of nuclear energy will amount to
about 1 billion DM. In 1977, the annual investments alone and in 1979,
the capital charges of the annual investments will reach the amount of

1 billion DM annually.

3. In 1970 about 500 kg of plutonium will have been produced within
the Federal Republic; in 1980 this will be between lo and 20 t.

4, If the total consumption of natural uranium in the Federal Republic
is assumed not to exceed 200 to 300 - lo3 t, fast breeders must be
used. Otherwise, the demand for natural urenium will rapidly increase
to some millions of tons after the year 20o0c. This amount most likely
could be made available out of the seawater only, should this turn out

to be technically as well as economically feasible.

5. The alternative, to install a generation of fast breeders initially
fueled with U-235 has not yet been investigated in this study. If the
plutonium demand of a fast breeder generation is satisfied by means of
converter reactors, the demand for natural uranium will remain below

>

about 200 + lo” t for any combination of converter/breeder, as long
as the breeder has a breeding ratio of about 1.4 or more. In this case,

no supplemental generation of high converting reactors will be necessary.

6. From the view point of conservation of the uranium resources one
should preferably combine a converter having a low conversion ratio
with a breeder, having a high breeding ratio instead of coupling a
converter having a high conversion ratio to a breeder having a low

breeding ratio.

7. If the fast breeder of the breeder generation has a breeding ratio
below 1.4, a supplemental generation of reactors, for instance DEO—
-reactors, will become necessary. The installation of this generation

would reach its maximum between 1985 and 1990.



-6

8. In case one wants to keep the total consumption well below
200 - 103 t for Germany (Federal Republic), a breeding ratio of
at least 1.4 turns out to be necessary for the fast breeders and

a supplemental generation of D,0O reactors, for example will become

2
mandatory.

9. From an evaluation of all the available data blocks concerning
reactor cost, the fast breeder offers the most favorable cost

outlook.

lo. The maximum converter installation is expected to occur in the
nineties. Should these turn out to be light water reactors, one
expects a capacity of 45 gWw . This would tie up about half the capa-
clty of the separation planis presently installed in the USA. It
still has to be shown that an adequate supply of enriched uranium

will be available under these circumstances.

11. The capacity of the reprocessing plants needed is relatively
small for reactors running on enriched uranium (about 4500 t annually
in 2000). Natural uranium converters, on the other hand, will need a
capacity up to 20,000 t annually, should they be required to satisfy
by themselves the total demand for nuclear energy. In the case of two
type strategies IWR (ORNL) - Na-1 BR (KFK) and DEO (SSW) - Na-1 BR
(KFK) this difference will not be very large in the year 2000 (4700
and 76oo t/a respectively).
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