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An Extension of the Hzfele-Manne Model 

for - 
Assessing Strategies for a Transition from Fossil Fuel to 

Nuclear and Solar Alternatives 

Atsuyuki Suzuki* 

Abstract 

This paper reports on an extension of the Hsfele-~lanne 
model that assesses energy supply strategies for a transi- 
tion from fossil fuel to nuclear and solar alternatives, 
and illustrates several optimized strategies. The expanded 
model solves the problem of how the electricity, petroleum- 
and-gas, and hydrogen produced by eight possible energy 
supplying alternatives (two fossil, three nuclear, two 
solar and one auxiliary) can be allocated to each of the 
three demand sectors (residential and commercial; industrial; 
transport) over a 100-year planning horizon, by using a ten- 
year period formulation. Relevant data for calculation 
are based on the Aerospace Corporation study for solar 
technologies, the NASA Systems Design Institute study for 
hydrogen technologies, and the Hafele-~anne study for fossil 
fuels and nuclear technologies. Since there are some un- 
certainties about these data, sensitivity analyses were 
carried out on the capital cost of solar power stations and 
on the fuel cost of coal. 

I. Introduction 

Hafele and Manne [ 3 ]  built a linear programming model for 
finding an optimal strategy for a transition from fossil to nu- 
clear fuels. Specifically, they solved the following optimization 
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problem: minimize the sum of the present value of costs incur- 
red over a planning horizon, subject to constraints on: 

a) limited reserves of petroleum and gas; 

b) limited reserves of low-cost uranium; 

c) limited industrial capacity for construction of nuclear 
reactors ; 

d) limited financial resources available to the energy 
supplying sector; and 

e) minimum requirements of the two secondary energy demands, 
i.e., electric and non-electric energy. 

The energy supply alternatives considered in the original model 
are: 

a) for electricity; 

- coal-fired steam generating plant; 

- light water moderated reactor (LWR); and 

- liquid metal fast breeder reactor (FBR); 

b) for non-electric energy; 

- petroleum and gas; 

- hydrogen from thermochemical water splitting by 
process heat of high-temperature gas-cooled reactor 
(HTGR) ; and 

- hydrogen produced by electrolysis. 

The model determined a cost-minimal timing of the shift to 
nuclear technologies (i.e., LWR and FBR for electric demands, 
and HTGR-hydrogen for non-electric energy demands) from the pre- 
sent situation which supposes that coal provides all the primary 
energy for generating electricity, and petroleum and gas cover 
all the non-electric demands. 

The purpose of this paper is to extend the original model so 
as to optimize strategies for a transition not only to nuclear 
but also to solar technologies. This investigation analyzes the 
problem of how optimal timing is achieved if we take into account 
the possibilities of introducing solar as well as nuclear tech- 
nologies. There are various schemes to convert solar power into 
useful energy; each of them is under way in the form of R & D 
efforts aimed at proving the economic feasibility. These schemes 
include : 



a) solar thermal electric conversion system with central 
tower receiver; 

b) ocean-based thermal gradient conversion system; 

c) photovoltaic conversion system; and 

d) hydrogen through thermochemical water splitting by 
solar energy. 

Weingart [Ill recently reviewed these schemes, showing that there 
are still many uncertainties regarding the economic feasibility 
of these technologies. 

This paper does not intend to draw a general conclusion on 
solar technology assessment; it illustrates an example of optimal 
transition strategies from fossil fuel to nuclear and/or solar 
technologies. In addition to the energy supplying technologies 
considered in the original model, the solar thermal electric 
conversion system I 1 1  and the hydrogen production system of thermo- 
chemical water splitting by solar energy are taken as reference 
solar technologies (Figure 1). The energy supplying technologies 
treated in the expanded model are given below in Table 1. 

Table 1. Energy-supplying technologies. 

Types of Supply Electric Uses Non-Electric Uses 
Technologies 

1 (1) coalsteam (2) petroleum and gas 
Fossil generating plant 

( 5) hydrogen from HTGR 

Solar i (6) solar thermal ( 7 )  solar hydrogen 
electric conver- 
sion system 

Auxiliary { ( 8 )  electrolytic 
hydrogen 



WATER-SPLITTING 

HYDROGEN (i 
SHYD 

STEC: Solar Thermal Electric Conversion System 

SHYD: Hydrogen Production System by Solar Thermochemical Process 

1 
Source: Aerospace Corporation [I] 

*source : NASA-ASEE [8] 

Figure 1 .  Reference solar technologies. 



The original model made several suppositions: 

a) coal is used only for producing electricity and the 
manner of converting coal into the hydrocarbon that 
could be used as is, is neglected; 

b) both petroleum and natural gas are used only for non- 
electric energy demand, and oil and gas electric power 
plants are excluded; and 

c) petroleum and gas can be aggregated to one energy supply 
sector. 

The expanded model will also make all of these suppositions since 
the main purpose of expanding the model is to introduce solar 
technologies as energy supplying alternatives, not to treat in 
detail fossil fuel technologies. 

Another feature of the expanded model is the classification 
of energy demand sectors. In the original model, the macroscopic 
classification was done in order to emphasize an energy supply 
side rather than a demand side, and to avoid the complication of 
model building. The original model has two demand categories: 
electric and non-electric energy; it treats a problem of primary 
energy allocation in secondary forms. 

In solar technology assessment, the economic feasibility is 
significantly dependent on the load duration curve, since any 
solar electric conversion system needs to be equipped with a con- 
trolled energy storage subsystem that takes into account the time 
spectra difference between insolation and load duration patterns. 
A systems analysis study of the solar thermal electric conversion 
system [ I ]  concluded that, relatively speaking, compared with 
fossil fuel, the solar system is more economic for intermediate 
peak load than it is for base load. Thus an energy model for 
assessing solar economics should take into account the difference 
between base load and intermediate peak load electricity. Ac- 
cordingly, the expanded model divides electric energy demand into 
two categories: base load and intermediate peak loads. 

A load duration pattern depends on the type of energy end 
use, e.g. space heating, air conditioning, water heating, ground 
transportation, air transportation, steel production, petro- 
chemistry. Therefore, one needs first to assign load duration 
curves for each of the end use categories, and then the categories 
whose load duration curves are not significantly different can 
be aggregated. Categorization might be made by coordinating the 
effort of model building with the expected accuracy of mathemati- 
cal formulations and numerical solutions. The demand categories 
of the expanded model are shown in Table 2. 



Table 2. Demand Categories (Expanded Model) 

Demand Sectors Electric Uses Non-Electric Uses 

r 
Residential 

and 

Commercial 

Industrial 

i 
(1 ) base load (3) other than 

electricity 
(2) intermediate 

peak load 

i ( 4 )  base load (6) other than 
electricity 

( 5 )  intermediate 
peak load 

C 

Transportation i (7) all 

The expanded model is a linear programming model for optimizing 
an allocation of the energy produced by the eight technologies 
(Table 1) to each of the seven demand categories (Table 2), over 
a given planning horizon. Constraints to be considered in this 
optimization problem--i.e., resource availability and nuclear fuel 
cycle balance--are treated in accordance with the original model. 
Figure 2 is the schematic description of the problem, illustrating 
the conceptual framework of the energy supply/demand system con- 
sidered in this examination. 

11. The Expanded Model 

A. Supply Alternative Characterization 

The original model characterizes a supply alternative under 
the following presumptions: 

(1) A time differential equation of an energy production 
activity of each of the technologies can be approximated 
by a three-year time-step difference equation; a 
full power operation throughout the entire thirty-year 
service life is assumed. 

(2) To represent limitation on the availability and the 
rate of adoption of new technologies, upper bounds are 
imposed upon the annual construction rates of nuclear 
power plant capacity. 

(3) Natural resource availability (e.g., of coal, petroleum 
and gas, and natural uranium) are fixed exogenously to 



the cumulative sums oi each resource consumption. The 
original model supposes that the availability of fossil 
fuels is i nd-pendent of costs; however, the availability 
of natural nranium depends on costs. Specifically, two 
grades of natural urani?~m, i. e., low cost and high 
cost, are defined in the original model in such a way 
that, compared with the length of the planning horizon, 
the reserve of low cost uranium is limited while the 
reserve of high cost uranium is unlimited. 

(4) Man-made resource availability (e.g., of plutonium 
and uranium-233) are determined endogenously by nuclear 
fuel cycle equations that correspond to the reactor 
configuration defined in the original model. That is, 
the FBR produces not only plutonium but also uranium-233, 
thus meeting demands for both plutonium and uranium-233 
for an initial inventory of the FBR and an annual re- 
placement of ~ h e  ilrrGll, respectively . 

The four above presumptions play an important role in the 
original model since they cons-titute a mathematical framework of 
the energy model. The expanded model makes only minor changes 
to the mathematical framework of the original model; these changes 
are as follows: 

(1) A ten-year period formulation is used in place of a 
three-year period so that even the inclusion of solar 
technologies in the expanded model and the disaggrega- 
tion of demand sectors might bring about a reasonable 
length of computing time. In addition, the equation 
is rewritten in such a way that each of the energy 
supplying technologies does not necessarily produce full 
power, and can infact operate below the level of full 
power if regarded as obso1escent.l Figure 3 shows how 
to formulate the ten-year period equation for an 
energy production activity with a flexible power level. 
It is supposed that all the plants constructed during 
a ten-year period will start operating at the middle of 
that period, and that therefore the average capacity 
during that period is one half of the full power level. 
This supposition is used to make the simplified scheme 
of plant installation with a thirty-year service life 
as shown in Figure 3. For a fixed power level operation, 
there is no distinction between this plant installation 
scheme and the corresponding plant operation scheme. 
However, for a flexible power level operation, the 
operating factor is determined endogenously, and the 
operation scheme should be different from the installation 

 onno no and Srinivasan 151 have reported on the effect of 
flexible power level operation on an optimal solution. 



scheme. F i g u r e  3  shows f i v e  d i f f e r e n t  o p e r a t i o n  
schemes as s e q u e n t i a l  series, i n  o r d e r  t o  i l l u s t r a t e  
t h a t  t h e  energy p r o d u c t i o n  a c t i v i t y  of each of  t h e  
t e c h n o l o g i e s  a t  any t i m e  i s  expressed  by t h e  sum of 
a c t i v i t i e s  of f o u r  p l a n t s  of d i f f e r e n t  age .  

( 2 )  I n  t h e  expanded model, upper  bounds a r e  imposed upon 
t h e  a n n u a l  c o n s t r u c t i o n  r a t e s  of  s o l a r  power p l a n t  
c a p a c i t y  and of n u c l e a r  power p l a n t  c a p a c i t y .  The 
mathemat ica l  d e s c r i p t i o n  i s  t h e  same as t h a t  used i n  
t h e  o r i g i n a l  model: an  upper bound i s  f i x e d  a  p r i o r i  
by u s i n g  two p a r a m e t e r s ,  one f o r  t h e  p o s s i b l e  s t a r t i n g  
i n t r o d u c t o r y  y e a r  and t h e  o t h e r  f o r  t h e  maximum l i m i t  
of inc rement  of c o n s t r u c t i o n  r a t e .  

( 3 )  The t h i r d  presumpt ion  i s  concerned w i t h  t h e  mathemat ica l  
t r e a t m e n t  of n a t u r a l  energy r e s o u r c e  a v a i l a b i l i t y .  
Both t h e  o r i g i n a l  and t h e  expanded models t a k e  i n t o  
accoun t  one g r a d e  of each of t h e  f o s s i l  f u e l s  and two 
g r a d e s  of n a t u r a l  uranium, depending on c o s t s .  

( 4 )  I n  t h e  expanded model, t h e  n u c l e a r  f u e l  c y c l e  e q u a t i o n s  
a r e  r e f o r m u l a t e d  f o r  each of t h e  n u c l e a r  f u e l s - - i . e . ,  
n a t u r a l  uranium, p lu tonium and uranium-233--by means of 
t h e  four-phase  r e f u e l i n g  scheme a s  sh.own i n  F i g u r e  4 .  
S p e c i a l  a t t e n t i o n  i s  p a i d  t o  t i m e  l a g s  f o r  f u e l  prep-  
a r a t i o n  and r e p r o c e s s i n g ,  and t o  t h e  r e l a t i o n s h i p  o f  
a  r e f u e l i n g  scheme and t h e  o p e r a t i o n  scheme as shown i n  
F i g u r e  3. Because of t h e  l ag - t imes ,  t h e r e  are non- 
s t a t i o n a r y  f u e l  f lows  a t  t h e  beginning s t a g e  ( I )  and a t  
t h e  end s t a g e  ( I V ) .  S i n c e  t h e  o p e r a t i o n  scheme i s  n o t  
i d e n t i c a l  w i t h  t h e  i n s t a l l a t i o n  scheme, a  d i s t i n c t i o n  
shou ld  be  drawn between t h e  f u e l  f low t h a t  i s  r e l a t e d  t o  
i n s t a l l e d  c a p a c i t y  and t h e  f u e l  f low t h a t  i s  r e l a t e d  t o  
used c a p a c i t y .  F i g u r e  4 g i v e s  d e t a i l s  of  t h e s e  f u e l  
f lows .  

B . Denand. P r o j e c t i o n s  

I n  t h e  o r i g i n a l  model, energy demand p r o j e c t i o n s  are made 
i n  terms of a  secondary  energy f o r m - - e l e c t r i c  o r  n o n - e l e c t r i c  
energy-- taking i n t o  accoun t  t h r e e  d i f f e r e n t  s c e n a r i o s  c a l l e d  
model s o c i e t i e s  1 ,  2, and 3. I n  s o c i e t i e s  1  and 2, t h e  demands 
a r e  exogenous and t h e  d i f f e r e n c e  between them i s  t h a t  s o c i e t y  1  
assumes t h a t  t h e  demands w i l l  be  s a t u r a t e d ,  and t h a t  s o c i e t y  2 
assumes t h a t  t h e  demands w i l l  c o n t i n u e  t o  i n c r e a s e  a t  a  c o n s t a n t  
ra te .  I n  t h e  c a s e  of s o c i e t y  3,  t h e  demands are endogenously 
de termined on t h e  assumpt ion  t h a t  market  demands are t h e  outcome 
of  a  u t i l i t y  maximizing p r o c e s s .  

A p a r t  of t h e  expanded model f o r  a s s e s s i n g  energy demand 
p r o j e c t i o n s  i s  b u i l t  s o  t h a t  t h e  model s o c i e t i e s  1 and 2  can  be 
a p p l i e d  even f o r  t h e  more d i s a g g r e g a t e d  demand s e c t o r s - - r e s i d e n -  
t ia l -and-commercia l ,  i n d u s t r i a l  and t r a n s p o r t .  
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Basic Scheme of Plant 
Installation with 30- 
Year Service Life 

u (Simplification) 

t 
---, 

I--- I Simplified Scheme of Plant 
I I 
I I 

Installation with 30-Year 
I Service Life / l1/2xi(l) I I 

(Flexible Power Level Operation) 

Operation Scheme of Plant-1 

Operation Scheme of Plant-2 

---- - I  
I 

Xi(2.3) 

Operation Scheme 
of Plant-4 

Operation Scheme 
of Plant-5 

Figure 3. Four-phase scheme of plant installation 
and operation with flexible power level 
and fixed service life. (For notes see 
followinq Daqe.) 



Notes for Figure 3. 

Xi(h) : Installed capacity level of technology i which 
is constructed at time-step h. 

xi(h,): Used capacity level of technology i which is 
constructed at time-step h and whose age is 
r decades. 

where, 

0.5 for r = 0,3 
'('1 = 1.0 for r = 1,2 . 

Ui(h) : Production activity of technolagy i at time-step h. 
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Notes for Figure 4. 

IF = Initial I~ventory Requirement 

a = Annual Replacement Requirement 

d = Annual Recovery 

IX = Final Inventory Retirement 

Atf = Lag-time for Transportation, Enrichment and Fabrica- 
tion 

Atr = Lag-time for Cooling and Reprocessing 

I = First 10 years 

I1 = Second 10 years 

I11 = Third 1 0  years 

IV = Fourth 10 years 



Two additional parametc.:~ .re deflned: an electric or a 
non-electric energy allocation factor, and a load duration factor. 
An electric or non-electric energy allocation factor allocates 
the energy demands pro~ected by model societies 1 or 2 to each of 
the three demand sectors at each of the points of time. Thus 
an energy allocation factor must be assigned for each of the six 
energy flows: electricity to three sectors, and non-electric 
energy to three sectors. A load duration factor is concerned with 
the share between base and intermediate load electricity, and 
must be assigned a priori to each of the demand sectors at each 
of the points of time. By making use of these two factors, the 
energy demands for each of the seven categories (Table 2) can be 
given consistent with the projections of the model societies 1 
or 2. 

.The energy demands fixed in the above-mentioned manner will 
be provided by the previously defined four types of supply tech- 
nologies--fossil, nuclear, solar and auxiliary. This linkage 
between supply and demand is represented by a supply/demand 
balance equation for each of the demand categories. An additional 
parameter associated with inter-fuel substitutability for the 
same end use must be taken into account in the formulation of the 
equation. Using a ground-transportation purpose as an example, 
the model considers two alternatives: oil and hydrogen. In the 
case of oil, a car with a gasoline driven engine is used. In 
the case of hydrogen, a hydrogen combustion engine must be de- 
veloped practically. Combustion engines have different efficiency 
rates, and a BTU of each of the fuels (oil and hydrogen) yields 
a different horsepower that is useful. Inter-fuel substitutability 
depends on how energy is used in each of the end uses. Thus the 
supply/demand balance equation must include efficiencies of each 
of the energy uses, called the fuel utilization factor. 

111. Input Data Preparation 

Natural resource availability. Table 3 gives the value of 
natural resource availability that is used for computation. Since 
this examination illustrates an optimal strategy for the transi- 
tion to nuclear and/or solar technologies (as compared to the 
optimal strategy for only nuclear technology shown by the original 
model) all of the values on resource availability assessment are 
the same as those in the original model. 

The maximum available amount of coal is not considered, and 
the amount of petroleum and gas is treated only optionally. The 
method used to assess the availability of low-cost natural uranium 
is unchanged. Hence, low-cost uranium at $15/lb of U308 can be 

used up to the limit 2.0 x lo6 metric tonnes of U. High cost 
uranium at $50/lb of U308 is unlimited. 



T a b l e  3 .  N a t u r a l  r e s o u r c e  a v a i l a b i l i t y .  

RA 
COAL = 

2 .  P e t r o l e u m  a n d  G a s  ( y e a r s  i n  t e r m s  o f  1970  
US a n n u a l  c o n s u m p t i o n  r a t e )  

=PETG 
= 40 (2 .250  x 1018 BTU) 

60 ( 3 . 3 7 5  X BTU) 
1 0  1 ( o p t i o n a l )  

3 .  N a t u r a l  Uranium ( m e t r i c  t o n  o f  U )  

%ULC 
= 2 .0  x l o 6  f o r  $ 1 5 / l b  o f  U 3 0 8  

%UHC = f o r  $ 5 0 / l b  o f  U 3 0 8  



U D D ~ ~  bounds on annual construction rates of nuclear and - .  - - -  

solar plants. As regards nuclear reactors, the data are provided 
by the original model. Only a small change is made so that the 
data fit the ten-year period formulation. As for solar technol- 
ogies, it is more difficult to assess the value because of less 
industrial experience. Therefore, in this paper a provisional 
assessment is made so that the upper bounds of the solar thermal 
electric conversion system and of the solar hydrogen system will 
be equal to the upper bounds of the FBR and of the HTGR hydrogen, 
respectively. Figure 5 shows the upper bounds assumed here, 
and compares them with the corresponding maximum permissible in- 
stalled capacity. 

Reactor data. As stated previously, nuclear fuel cycle 
equations are rewritten in the expanded model in accordance with 
the ten-year period formulation. Therefore, relevant reactor 
data are resettled so that they may be used for the revised for- 
mulation. Table 4 provides the data built in the expanded model, 
and the footnotes to the table state how to prepare these data. 
The relationship between the data and the simplified four-phase 
refueling scheme shown in Figure 4 is given in Appendix A. 

Energy supply efficiency. The value of energy supply ef- 
ficiency that has been selected is shown in Table 5. As far as 
fossil fuel, nuclear and auxiliary technologies are concerned, 
the values fixed in the original model are used in the expanded 
model without any changes. In the case of the solar thermal 
electric conversion system, the efficiency assessed in [I] is 
taken unchanged. In the case of the solar hydrogen, the value 
in Table 5 is obtained by multiplying the efficiency of the 
thermochemical water-splitting system fixed by [3] with the ef- 
ficiency of the central receiver system assessed in [I]. 

Electric or non-electric energy allocation factor. This 
e n e r g y p r o  jections 
for each of the demand sectors, taking into account the total 
demands for electric and non-electric energy fixed by the model 
society. It has been found in [lo] that the demand study of 
Hoffman [4] is useful for this purpose. While the total amounts 
of electric and non-electric energy demands projected by [4] 
are not equal to the amounts fixed by the model society, relative 
values of energy demands allocated to each of the demand sectors 
by [4] can be applied to the model society. 

Based on this comparison, the electric or non-electric 
energy allocation factor may be assigrled as shown in Figure 6, 
where model society 1 is taken as an example. 

Load duration factor. This factor should be assessed by an 
electricity load duration curve. However, it is difficult to pre- 
dict a load duration curve over a long planning horizon. Therefore, 
in this examination, an example of the monthly demand pattern 
predicted in 121 is taken as input data. The corresponding curve 
is shown in Figure 7. 
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Table 4. Relevant reactor data 

HTG R Nuclear Reactor 

IF (ton/GWe) 
NU 

IFpU (ton/GWe) 

IFU3 (ton/GWe) 

I Relevant Reactor Data 

b 

' Initial 

I Inventory 

I 
Requirement 

I Annua 1 

Replacement 

1 Requirement 

I 

Natural Uranium, NU 

Fissile Plutonj.um, PU 

Uranium-233, U3 

Natural Uranium, NU 

Annual Fissile Plutonium, PU I- 

Natural Uranium, NU 

Fissile Plutonium, PU 

Uranium-233, U3 

I Recovery 

aNU(ton/GWe yr) 210b 0 

apU(ton/GWe yr) 0 .70 
b 

au3 (ton/GWe - yr) 0 0 .48 b 

dNU(ton/GWe yr) 

dpU(ton/GWe yr) 

Uranium-233, U3 I dU3(ton/Gq . yr) 1 ° 1  (.29,d 1 .lgd I 
I 

I 

1 Final Natural Uranium, NU IRNu (ton/GWe) 

a ~ .  Hiifele and A. Manne 131 . 
b~hree-batch refueling. Net annual requirement is the same as 131. 

'uniform fuel "burnup" and three-batch refueling are assumed. 

d~uclear News (February, 1973) . 
e ~ ~ ~ ~ - 1 1 3 9  i197U). 

Fissile Plutonium, U IRpU (ton/GWe) 

Retirement Uranium-233, 

Lag-Time for Preparation of Fed Fuels Atf (years) 

Lag-Time for Reprocessing of Spent Fuels 

2.32' 

0 

Atr (years) 1 . 5 ~  1 .25e 1 . 2 1 ~ 1  

0 3ob 

L I -A 

.17a ( .86b 0 

0 



T a b l e  5.  Energy s u p p l y  e f f i c i e n c y .  

Supply  Technology ,  i E f f i c i e n c y ,  Q i 

1 = COAL 

2 = PETG 

3  = LWR 

4 = FBR 

5 = HTGR ( H T R )  

6 = STEC 

7 = SHYD 

8 = ELHY 

a  Thermal e f f i c i e n c y  o f  p roduc ing  e l e c t r i c i t y  [ 3 ] .  

b E f f i c i e n c y  o f  r e f i n e r y  [ 3  I .  
C BTU o f  produced  hydrogen/BTU o f  consumed f u e l  [ 3 ] .  

d~~~ o f  g e n e r a t e d  e l e c t r i c i t y / ~ ~ U  o f  c o l l e c t e d  s o l a r  
e n e r g y  [ 1 I . 

e BTU o f  produced  hydrogen/BTu o f  c o l l e c t e d  s o l a r  
e n e r g y  131, [ I ] .  

'BTU o f  produced  hydrogen /~TU o f  u s e d  e l e c t r i c i t y  [ 3 ]  . 
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Figure 7. Approximated load duration curve 
for each demand sector. 



F u e l  u t i l i z a t i o n  f a c t o r .  A s  i n v e s t i g a t e d  i n  [ 9 1 ,  t h e  
energy u t i l i z a t i o n  f a c t o r  has  a  s i g n i f i c a n t  e f f e c t  on an  o p t i m a l  
s o l u t i o n ,  s i n c e  a  s t a t i c  c o s t  r a n k i n g  of each  of  t h e  supp ly  a l -  
t e r n a t i v e s  depends  r m a r k a b l y  on t h e  v a l u e  of  t h i s  f a c t o r .  A s  
f a r  a s  t h e  p r e s e n t  problem i s  concerned,  a comparison of  t h e  
hydrogen u t i l i z a t i o n  f a c t o r  w i t h  t h e  u s e  f a c t o r  o f  o i l  p r o d u c t s  
i s  most c r u c i a l ,  s i n c e  (it i s  supposed)  o i l  p r o d u c t s  c a n  be  re- 
p laced  o n l y  by hydrogen and n o t  by e l e c t r i c i t y .  

I t  was assumed i n  t h e  o r i g i n a l  model t h a t  1  BTU o f  hydrogen 
can  be  r e p l a c e d  by 1 .5  BTU of  o i l  p r o d u c t s ,  ave raged  o v e r  a l l  
t.ypes of end u s e s .  Tha t  i s ,  1 .5  = hydrogen u t i l i z a t i o n  f a c t o r .  
I n  t h e  expanded model,  t h e  v a l u e  of  t h i s  f a c t o r  must be  a s s i g n e d  
f o r  each  o f  t h e  demand s e c t o r s ;  d a t a  shown i n  T a b l e  6  have been 
chosen a s  i n p u t  a c c o r d i n g  t o  t l a r c h e t t i  [ 6 ] .  

C o s t  c o e f f i c i e n t s .  C o e f f i c i e n t s  of t h e  o b j e c t i v e  f u n c t i o n  
must be  p r e p a r e d .  S i n c e  t h e  ma themat ica l  form of  t h e  o b j e c t i v e  - - 
f u n c t i o n  i n  t h e  expanded model i s  t h e  s a m e  a s  t h a t  used  i n  t h e  
o r i g i n a l  model,  t h e  c o s t  c o e f f i c i e n t s  f o r  t h e  s u p p l y  a l t e r n a t i v e s  
o f  t h e  o r i g i n a l  model c a n  a l s o  be  used i n  t h e  expanded model. 
However, t h e  a s s e s s m e n t  o f  t h e  c a p i t a l  c o s t  f o r  i n t e r m e d i a t e  
e l e c t r i c i t y  s h o u l d  t a k e  i n t o  a c c o u n t  t h e  l o a d  f a c t o r  0 .5 .  The 
as sessment  of  t h e  c u r r e n t  c o s t  f o r  t h e  pe t ro leum and g a s  a l t e r -  
n a t i v e  s h o u l d  t a k e  i n t o  a c c o u n t  a d i f f e r e n t  s o r t  of o i l  p r o d u c t  
f o r  each  of  t h e  demand s e c t o r s .  

Tab le  7 g i v e s  t h e  c o s t  d a t a  of  each  of  t h e  e l e c t r i c  s u p p l y i n g  
a l t e r n a t i v e s ,  showing t h a t  t h e  c a p i t a l  c o s t  f o r  i n t e r m e d i a t e  
l o a d  i s  t w i c e  t h a t  f o r  b a s e  l o a d ,  s i n c e  t h e  l o a d  f a c t o r  of i n t e r -  
m e d i a t e  e l e c t r i c i t y  i s  0 .5 .  The r e a s o n  why t h e  ene rgy  d e l i v e r y  
c o s t  i s  n o t  c o n s i d e r e d  i s  t h a t  t h e  d e l i v e r y  c o s t  i s  t h e  same f o r  
e a c h  of  t h e  a l t e r n a t i v e s  a s  f a r  a s  t h e  same demand c a t e g o r y  i s  
concerned.  

For  t h e  s o l a r  t h e r m a l  c o n v e r s i o n  t echno logy ,  t h e  d a t a  a r e  
a s s e s s e d  based  upon [ I ] .  According t o  s t a t i c  c o s t  compar ison ,  
t h e  FBR i s  t h e  c h e a p e s t  t echno logy ,  and the-LWR is  t h e  second 
c h e a p e s t .  While t h e  c o a l - f i r e d  s t eam g e n e r a t i n g  p l a n t  i s  expen- 
s i v e ,  t h e  s o l a r  e l e c t r i c i t y  i s  even more expens ive .  The p r e s e n t  
supp ly  a l t e r n a t i v e ,  i . e . ,  coal - -can  p robab ly  be  r e p l a c e d  by t h e  
FBR and t h e  LWR because  of  t h e i r  low energy  p r o d u c t i o n  c o s t s .  
However, it i s  u n l i k e l y  t h a t  t h e  s o l a r  a l t e r n a t i v e  makes any 
c o n t r i b u t i o n .  

The above c o s t  e s t i m a t e s  a r e  accompanied by u n c e r t a i n t i e s  
s i n c e  t h e y  a r e  i n v o l v e d  w i t h  t h e  a s s e s s m e n t  of  f u t u r e  t echno logy .  
T h e r e f o r e ,  i n  t h i s  examina t ion ,  some s e n s i t i v i t y  a n a l y s i s  on 
t h e  c o s t  d a t a  w i l l  be  done ,  e s p e c i a l l y  c o n c e r n i n g  t h e  c u r r e n t  
c o s t  of c o a l  and t h e  c a p i t a l  c o s t  of  t h e  s o l a r  t h e r m a l  e l e c t r i c  
c o n v e r s i o n  system. 

The c o s t  d a t a  of  each  of  t h e  n o n - e l e c t r i c  s u p p l y i n g  a l t e r -  
n a t i v e s  a r e  shown i n  T a b l e  8 .  The ene rgy  d e l i v e r y  c o s t  a s  w e l l  



Table 6. Fuel utilization factor. 

Electricity 

"ELEC 

Oil Product 

Residential Industrial Transportation 
and 

Commercial 

-- 

a C. Marchetti [ 6 ] .  



T a b l e  7 .  C o s t  d a t a  f o r  e a c h  o f  t h e  e l e c t r i c i t y  s u p p l y  a l t e r n a t i v e s .  

C u r r e n t  C o s t  
9  

( $ 1 0  /TWth - y e a r )  

C a p i t a l  C o s t  

( $ 1  0 9 / ~ w t h )  

a ~ .  H a f e l e  a n d  A. Manne [ 3 1 .  

T o t a l  E n e r g y  C o s t  1 
( $ 1  06,,ue) 

b ~ h e  A e r o s p a c e  C o r p o r a t i o n  [ 1  1 . 
'The m o d e l  s u p p o s e s  t h a t  t h e  e n e r g y  d e l i v e r y  c o s t s  ( E . D . )  o f  a l l  e l e c t r i c i t y  s u p p l y  

a l t e r n a t i v e s  a r e  t h e  s a m e ,  a s  f a r  a s  t h e  s a m e  demand  c a t e g o r y  i s  c o n c e r n e d .  N a m e l y ,  t h e  
e n e r g y  d e l i v e r y  c o s t s  a r e  n o t  r e l e v a n t  i n  t h e  m o d e l .  

T o t a l  

1 

T o t a l  E . P .  
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E.D.' T o t a l  i 
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1 
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3 . 2 1  

3 . 1 5  
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4 . 5 8  
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2 0 0  
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as the energy production cost have been estimated because the 
energy delivery cost clearly depends on whether the type of 
fuel used is oil or hydrogen. 

Methods for estimating delivery cost are based on [4] , in 
part with the aid of [8]. As regards oil: 

- fuel oil is the oil product for residential and comer- 
cia1 use, and is transported in small quantities; 

- residual oil (in large quantities) is for industrial use; 
and 

- gasoline (in small quantities) is for transportation. 

As for hydrogen, small quantity delivery is presumed for resi- 
dential and commercial purposes, and small quantities of liquefied 
hydrogen for transportation purposes. 

As regards the solar hydrogen, the cost data in Table 8 cor- 
responds to the hydrogen production system that combines the 
central receiver system specified by [I] and the thermochemical 
water-splitting system specified by [8]. 

Two facts are worth noting. First, a static cost ranking 
is obviously dependent upon the value of the hydrogen utiliza- 
tion factor. Second, among the three hydrogen alternatives, 
the HTGR hydrogen is the cheapest. The cost differences between 
the solar hydrogen and the electrolytic hydrogen are slight. 

IV. Calculation Results 

A. Base Cases 

Base case is that which is specified numerically by the input 
data discussed in the previous section. The only parameter that 
is evaluated optionally is the petroleum and gas reserve avail- 
ability. According to the terminology of the ~gfele-~anne model, 
the base cases to be examined here are denoted by B-1.40, 1.60, 
1.80 and 1.100; where 

1 = Model society 1 ,  

and 

40~60~80,100 = years of petroleum and gas availability 
level, 1970 annual consumption rate of the 
most developed country. 



Figures 8 to 1 1  illustrate the curves of optimal energy 
production activities over time for each of the base cases. 
The figures are displayed in terms of the aggregated demand 
categories (electric and non-electric energy). The infrastruc- 
tures of optimal solutions for each of the demand categories are 
given in Appendix B. 

During the period when petroleum and gas production de- 
creases, hydrogen comes in to take its place. Flost of the hydro- 
gen is produced by the HTGR, although some is produced by 
electrolysis; however, the solar hydrogen appears to play a limited 
intermediate role for only B-1.40 and 1.60. 

There are three explanations why the electrolytic hydrogen 
is more often used than the solar hydrogen (in spite of the 
former's higher static cost given in Table 8). First, the HTGR 
is so inexpensive that it replaces the petroleum and gas regard- 
less of the other hydrogens. The part of energy demand that the 
HTGR cannot supply (in part because of the upper limits set on 
the construction rate and because of the coupling effect of the 
FBR on uranium-233 availability) must be supplied by the electro- 
lytic hydrogen and/or by the solar hydrogen. Second, the contri- 
butions of the electrolytic and/or solar hydrogens are optimized 
by the dynamic cost comparison, and not by the static cost compari- 
son. The dynamic cost of the electrolytic hydrogen is determined 
by both the capital cost given in Table 8, and the marginal cost 
of the electricity required for the electrolysis, i.e. the shadow 
price of the base load electricity for industrial purposes. The 
dynamic cost of the solar hydrogen is determined by the energy 
production and delivery costs given in Table 8, and by the invest- 
ment loss that would have to be paid if the already-constructed 
plant were under-utilized (or operating at less than full power 
level). This type of investment loss will be high because of the 
high capital cost. Third, as can be seen from Figures 8 to 11, if 
the solar hydrogen plant met all the reamining demand that the 
HTGR and the petroleum and gas were unable to supply, it would 
inevitably be under-utilized, and the dynamic cost of the solar 
hydrogen would be higher than that of the electrolytic hydrogen. 

In the original model, the size of the petroleum and gas 
reserves only served to prolong the period of use of the petroleum 
gas. However, in the new model the greater the petroleum and 
gas reserves, the smoother the transition to the hydrogens. In 
other words, in the original model, the velocity of the shift from 
the petroleum and gas to hydrogen is not remarkably dependent on 
the petroleum and gas reserves. There are two reasons for this. 
First, the original model supposes that the operating power level is 
fixed by the corresponding installed capacity. Second, the original 
model considers the macroscopic demand classification, and does not 
consider individual end uses. Since the expanded model revised 
these aspects, the soluti.on, as could have been expected, changed. 
Appendix Figures B-3, B-6, B-9, and B-12 show the results brought 
about by the revision to the original model. Prom these figures 
it may be seen that the shift from petroleum and gas to hydrogen 
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i s  o b v i o u s l y  dependent  on t h e  t y p e  of  demand s e c t o r ,  and t h e  
v e l o c i t y  o f  t h e  s h i f t  i n  some c a s e s  i s  s o  r a p i d  t h a t  t h e  energy  
p r o d u c t i o n  a c t i v i t y  o f  t h e  pe t ro leum and g a s  i s  below t h e  l e v e l  
o f  i n s t a l l e d  c a p a c i t y .  

The rep lacement  of pe t ro leum and g a s  by hydrogen b e g i n s  a t  
t h e  e a r l i e s t  s t a g e  f o r  t h e  t r a n s p o r t a t i o n  demand s e c t o r ,  because  
t h e  energy c o s t  of t h e  pe t ro leum and g a s  i s  r e l a t i v e l y  t h e  h i g h e s t  
i n  t h i s  s e c t o r  (see Table  8 ) .  Also ,  t h e  dropping s l o p e  becomes 
more g e n t l e  a s  t h e  pe t ro leum and g a s  r e s e r v e s  a r e  more abundant .  
The p e r i o d  of pe t ro leum and g a s  a c t i v i t y  i s  t h e  l o n g e s t  f o r  t h e  
r e s i d e n t i a l  and commercial s e c t o r ;  t h i s  may be  e x p l a i n e d  by t h e  
comparison of t h e  s t a t i c  c o s t  d a t a  shown i n  Tab le  8 .  Tha t  t h e  
s h i f t i n g  manner of  c o n v e r s i o n  depends on t h e  t y p e  o f  demand s e c t o r s  
i s  mainly due t o  t h e  d i f f e r e n c e  i n  t h e  v a l u e  of t h e  hydrogen u t i -  
l i z a t i o n  f a c t o r  among t h e  v a r i o u s  s e c t o r s .  

A s  r e g a r d s  t h e  s o l u t i o n  f o r  e l e c t r i c  ene rgy ,  t h e  f o l l o w i n g  
o b s e r v a t i o n s  c a n  be  made on t h e  b a s i s  of F i g u r e s  8  t o  1 1 .  F i r s t ,  
f o r  B-1.60, 1.80 and 1.100, t h e  manner of phas ing o u t  t h e  c o a l -  
f i r e d  p l a n t s  and t h a t  of  i n t r o d u c i n g  and t h e n  abandoning t h e  LWR 
a r e  e x a c t l y  t h e  same f o r  each  of t h e  c a s e s .  That  i s ,  it is  o p t i m a l  
f o r  a l l  of t h e  c a s e s  t o  phase  o u t  t h e  c o a l - f i r e d  p l a n t s  i n  t h e  
y e a r  2015, and t o  u s e  t h e  LWR a s  a n  i n t e r m e d i a t e  t echno logy  t o  t h e  
y e a r  2035, when t h e  FBR technology can by i t s e l f  meet a l l  t h e  
e J e c t r i c  demands. T h i s  w i l l  b e  confirmed by look ing  a t  t h e  d e t a i l e d  
r e s u l t s  shown i n  Appendix B.  F i g u r e s  B - 4 c ,  B-7c and B-1Oc i n d i -  
c a t e  t h a t  i n  a l l  of t h e  c a s e s  t h e  c u r v e s  of  c o a l  and of t h e  LWR 
f o r  b a s e  load  e l e c t r i c i t y  a r e  comple te ly  unchanged. Moreover, 
t h e  s i t u a t i o n  shown i n  F i g u r e s  B-5c, B-8c and B-llc f o r  in terme-  
d i a t e  peak e l e c t r i c i t y  i s  t h e  same i n  a l l  of t h e  cases. However, 
a n  examinat ion  of t h e  c u r v e s  f o r  each of t h e  demand s e c t o r s  shows 
t h a t  t h e  c u r v e s  remain unchanged i n  some of t h e  c a s e s  and change 
i n  o t h e r s .  The r e a s o n  i s  t h a t  t h e r e  i s  no d i f f e r e n c e  between t h e  
c o s t  d a t a  f o r  t h e  res iden t i a l - and-commerc ia l  u s e  and t h o s e  f o r  t h e  
i n d u s t r i a l  u s e  (see T a b l e  7 ) .  r l a t h e m a t i c a l l v ,  an o p t i m a l  s o l u -  
t i o n  f o r  e lec t r i c  energy a c t i v i t y -  f o r  i n d i v i d u a l  
demand s e c t o r s  i s  n o t  un ique  b u t  can  be  d e g e n e r a t e d .  A s  f o r  elec- 
t r i c  energy  p r o d u c t i o n  a c t i v i t y ,  t h e  model can  y i e l d  o p t i m a l  
s o l u t i o n s  o n l y  i n  t e r m s  of b a s e  l o a d  and i n t e r m e d i a t e  peak l o a d .  

A second o b s e r v a t i o n  w i t h  r e s p e c t  t o  t h e  s o l u t i o n  f o r  e l e c t r i c  
energy i s  concerned w i t h  t h e  endogenous e l e c t r i c i t y  demand, i . e .  
t h e  e l e c t r i c i t y  f o r  t h e  e l e c t r o l y t i c  hydrogen. Apparen t ly ,  t h e  
need f o r  t h e  e l e c t r o l y t i c  hydrogen i n c r e a s e s  a s  t h e  pe t ro leum and 
g a s  r e s e r v e s  become s c a r c e ;  t h u s  t h e r e  i s  g r e a t e r  u s e  of e l e c t r o -  
l y t i c  hydrogen i n  B-1.40. According t o  F i g u r e  8b, t h e  need f o r  
e l e c t r o l y t i c  hydrogen a r i s e s  a t  such a n  e a r l y  s t a g e  i n  t h e  t r a n s i -  
t i o n  t h a t  t h e  c o a l  and t h e  LWR must be i n t r o d u c e d  a d d i t i o n a l l y .  
T h i s  i s  why t h e  a c t i v i t i e s  of t h e  c o a l  and t h e  LWR i n  B-1.40 a r e  
d i f f e r e n t  from t h o s e  i n  o t h e r  c a s e s .  I n  B-1.60 and 1.80, t h e  
e l e c t r o l y t i c  hydrogen i s  used a t  a  l a t e r  s t a g e  (see F i g u r e s  9a and 
1 0 a ) ;  hence  t h e  FBR c a n  supp ly  t h e  endogenous demand. A s  f o r  
B-1.100, t h e r e  i s  no need f o r  t h e  e l e c t r o l y t i c  hydrogen; F i g u r e  I l b  



indicates that the sum of electric energy activities is equal to 
the exogenous demand at each of the points of time. 

Let us note the value of the objective function so as to 
make economic comparisons among the base cases. Figure 12 pro- 
vides the value of the objective function, i.e. the present 
value of costs minus benefits. However, these values are not 
meaningful in themselves since they are dominated to a certain 
extent by a fixed component: the present value of costs incurred 
during the initial ten-year to twenty-year period when there are 
virtually no technological choices to be made. If, for example, 
we compare the value from the original model2 with that in Figure 
12, the value in Figure 12 is more than twice that of the original 
model. An explanation of this difference is as follows. The 
cost of the remaining fossil fuel plants (that have been constructed 
for supplying the energy requirements before the beginning of the 
planning horizon) was excluded in the original model. This 
was done because (it was supposed) those fossil fuel plants will 
require a full-power operation for a fixed thirty-year service 
life. However, in the expanded model this cost has been included 
as a component of the objective function because (it is 
supposed) all the plants to be considered during the planning 
horizon can operate with a flexible-power level. A rough estimate 
of this cost is $1,000 billion, which corresponds to approximately 
50 percent of the total of the value given in Figure 12. 

The difference in the values for each of the base cases is 
a meaningful measure for knowing the relative benefits obtained 
from additional petroleum and gas reserves. The difference in 
the values may also be seen from Figure 12: if instead of forty 
years' worth of petroleum and gas availability there were sixty, 
eighty or 100 years; these additional reserves would have a 
present value of $113, $126 or $128 billion, respectively. Based 
on these results, the difference between B-1.80 and 1.100 appears 
to be so slight that it is not necessary to do a computer run 
for another case with more than 100 years of petroleum and gas 
reserves. 

Another observation based on the results of the base cases 
concerns the marginal costs of the constraints considered in the 
model. The shadow price of petroleum and gas that is represented 
in Figure 13, is given in current not present value. Adding these 
values to the energy cost given in Table 8, one could assess the 
price of petroleum and gas (see Table 9). Obviously, the shadow 
price is the highest for B-1.40 and decreases rapidly with the 
scarcity of the reserves. Table 9 also shows that even for B-1.40, 
the royalty is only 105, 30% and 200% of the total, in the years 
1970, 1980 and 2000, respectively.  his can be attributable to 
the fact that the HTGR hydrogen cost is set in the model to be 
sufficiently low to take its place. 
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Table  9 .  P r i c e  of pe t ro leum and g a s a .  
( $ / b a r r e l ,  1 9 7 4  p r i c e )  

a  Shadow p r i c e  p l u s  $ 1 0 / b a r r e l ,  which was used i n  t h e  
o r i g i n a l  model t o  e s t i m a t e  t h e  c u r r e n t  annual  c o s t  
'of  t h e  pe t ro leum and g a s .  

B-1 . 4 0  

B-1 . 6 0  

B-1 . 8 0  

B-1.100 

b ~ h e  r e s e r v e s  a r e  a l r e a d y  exhausted  and t h e r e f o r e  
t h e  v a l u e  i s  of no p r a c t i c a l  meaning. 

YEAR 
1 9 7 0  
(US$) 

11.111 

1 0 . 1 8  

1 0 . 0 2  

1 0 . 0 0  

1 9 8 0  
(US$) 

1 2 . 9 5  

1 0 . 4 6  

1 0 . 0 5  

1 0 . 0 1  

2 0 0 0  
(US$) 

29.811 

1 3 . 1 3  

1 0 . 3 4  

1 0 . 0 5  

2 0 3 0  
(US$) 

( 3 5 6 . 1 6 P  

6 4 . 5 8  

1 5 . 9 4  

1 0 . 8 2  



The shadow price of plutonium and uranium-233 stockpile 
constraints yields an index of the abundance or the scarcity of 
this man-made resource. The cost data given in Tables 7 and 8 
exclude the credit or royalty of plutonium and uranium-233 that 
is usually included in an estimate of power costs of nuclear reac- 
tors. The plutonium credit for LWR power costs, for instance, is 
usually estimated between $8 and $12 per g of plutonium. In the 
expanded model, however, this sort of price is determined endog- 
enously. As far as the base cases are concerned, there i.s always 
a positive stockpile of plutonium (see Figure 14); thus the 
credit or royalty of plutonium is nil. On the other hand, the 
constraints on the uranium-233 stockpile are binding at many points 
of time in any of the base cases (see Figure 15); hence the incre- 
mental value of uranium-233 is assessed as illustrated in Figure 
16. 

The reason for this difference between plutonium and ura- 
nium-233 is as follows. The scarcity of petroleum and gas 
reserves leads to a strong incentive to introduce the HTGR as much 
as possible which means that the uranium-233 produced by the FBR 
is used to the most by the HTGR. On the other hand, the amount of 
plutonium that is required for an initial inventory of the FBR 
for the early introductory years has been supplied by the LWR. 
When the LWR disappears, the electric energy demand reaches the 
saturation level; and thus the plutonium balance can be kept suf- 
ficient by the fact that the FBR provides sufficient plutonium for 
itself. 

Figure 16 indicates that to the year 2005, there will be 
extensive price changes depending on petroleum and gas availability. 
During this period, however, the market for uranium-233 will not 
yet be'established (recall the upper bounds on reactor construc- 
tion rates of the FBR and HTGR shown in Figure 5). Thus the 
shadow price is virtually of less meaning than it will be at the 
later period. Table 10 gives the static costs of the FBR and the 
HTGR, including the credit and the royalty of uranium-233; the 
contribution of the uranium-233 price is about fifteen percent 
and thirteen percent to the total costs for the FBR and the HTGR, 
respectively. 

Finally, let us consider the price of electric and non- 
electric energy. The energy demands for individual demand cate- 
gories are supplied by the mixture of energy supplying alterna- 
tives chosen at each of the points of time by the criterion of cost- 
minimand over the whole planning horizon. The price of energy for 
each of the demand categories varies with time as well as with 
petroleum and gas availability. Table 1 1  gives the values for each 
of the representative years, indicating that prices become less 
stable as petroleum and gas become more scarce. This is because 
the need for the HTGR and for the electrolytic hydrogen increases 
with the scarcity of petroleum and gas. This brings about an 
unstable mixture of energy supplying alternatives since both the 
HTGR and the electrolytic hydrogen alternatives are dependent on 
other alternatives. 









T a b l e  1 0 .  T h e  e f f e c t  o f  s t a t i c  p r i c e  o f  u r a n i u m - 2 3 3  
on e n e r g y  p r o d u c t i o n  cos t s  o f  HTGR a n d  FBR. 

( 1 9 7 4  price)  

a 
E n e r g y  p r o d u c t i o n  co s t  i n  T a b l e  7  p l u s  r o y a l t y  o f  
u r a n i u m - 2 3 3 .  

6  
H T G R ~  ( $ / I  0  BTU ) 

2  

b ~ n e r g y  p r o d u c t i o n  cos t  i n  T a b l e  7  m i n u s  c r e d i t  o f  
u r a n i u m - 2 3 3 .  

C E n e r g y  p r o d u c t i o n  cost.. 

d ~ o y a l t y  averaged over t h e  p e r i o d  201  0  t o  2 0 7 0 .  

e C r e d i t  a v e r a g e d  over t h e  p e r i o d  2 0 1 0  t o  2 0 7 0 .  

F 'BRb($/ lo  6 BTU,) 

- 

B-1.40 

B-1 .60  

B-1 . 8 0  

B-1 .100  

C E . P .  

2 . 2 9  

2 . 2 9  

2 . 2 9  

2 . 2 9  

~ 2 3 3 ~  

0 . 1 7  

0 . 4 6  

0 . 2 7  

0 . 0 0  

C T o t a l  E . P .  ~ 2 3 3 ~  

0 . 2 2  

0 . 5 7  

0 . 3 4  

2 . 4 6  

2 . 7 5  

2 . 5 6  

2 . 2 9  

T o t a l  

2 . 9 3  

2 . 5 8  

2 . 8 1  

3 - 1 5  1 O - O 0  

3 . 1 5  

3 . 1 5  

3 . 1 5  

3 . 1 5  



Table 1 1 .  Shadow p r i c e s  of e l e c t r i c  and 
n o n - e l e c t r i c  energy ( 1  9 7 4  p r i c e )  . 

6 a$/l  0 BTU o f  e l e c t r i c i t y .  

6 
b $ / l  0  BTU of petroleum-gas e q u i v a l e n t .  

B - 1 . 4 0  

B-1 . 6 0  

B-1 . 8 0  

B - 1 . 1 0 0  

1 9 7 0  
(US$) 

4 . 4 2  

5 . 6 2  

2 . 5 3  

1 . 5 0  

3 . 0 6  

5 . 2 0  

6 . 3 4  

2 . 3 0  

1 . 2 6  

2 . 8 3  

5 . 2 1  

6 . 3 5  

2 . 2 6  

1 . 2 3  

2 . 7 9  

5 . 2 0  

6 . 3 5  

2 . 2 6  

1 . 2 2  

2 .79  

Base a  Elec .  Intermed.  

RE C 

b  Ind.  
Non-e. Transpor t  

a  Base 
E lec .  Intermed.  

Non-e. b  REC 
Ind.  

T ranspo r t  

a  Base 
E l e c  . 

Intermed.  

Non-e b REC 

Ind.  

T ranspo r t  

E lec  . a  Base 

Intermed.  

Non-e. b REC 

Ind . 
Transpo r t  

1 9 8 0  
(US$) 

3 . 2 7  

5 . 5 1  

2 . 9 7  

1 . 9 4  

3 . 5 0  

2 . 3 9  

4 . 5 7  

2 . 3 7  

1 . 3 3  

2 . 9 0  

2 . 3 4  

4 . 5 2  

2 . 2 7  

1  . 2 3  

2 . 6 0  

2 . 3 6  

4 . 5 4  

2 . 2 6  

1 . 2 2  

2 . 7 9  

2 0 0 0  
(US$) 

4 . 0 9  

5 . 9 7  

7 . 1 0  

5 . 2 0  

4 .39  

2 . 2 7  

4 . 5 5  

3 . 0 2  

1 . 9 8  

3 .55  

2 .27  

4 . 5 5  

2 . 3 4  

1 . 3 0  

2 .87  

2 .27 

4 .55  

2 . 2 7  

1 .23  

2 .80  

1 
2 0 3 0  
(US$) 

2 . 1 8  

4 . 5 6  

3 .44  

3 . 7 0  1 
1 . 9 8  

4 . 3 6  

3 .54  

2 . 0 5  

3 .24 

2 . 1 8  

4 . 5 6  

3 . 7 0  

2 .49  

2 . 9 5  

2 . 6 4  

5 . 0 2  

2 . 4 5  

1 . 4 2  

2 . 7 0  



Sensitivity Analyses 

As far as the base cases are concerned, the solar tech- 
nologies do not make a main contribution to energy supply because 
of their high costs. The cost of solar hydrogen is slightly 
lower than that of electrolytic hydrogen. Nevertheless, the 
electrolytic hydrogen plays a greater role than the solar hydro- 
gen since the extremely high capital cost of the solar technology 
prevents it from being used as an auxiliary or intermediate part 
of the energy supply. As stated before, there are many uncer- 
tainties about the cost estimates of solar technologies; hence 
sensitivity analyses on the capital costs were carried out: 

Nethod used to select the values of capital costs of the 
solar technologies for the sensitivity analysis is as follows. 
First, the values for the solar thermal electric conversion 
system were selected: $200 ($1,053), $150 ($789), $1 00 ($526) 
$50 ($263) per KWth (KWe) , compared with the base case, $245/KWth 
($1,289/KWe). Then, the values for the solar hydrogen correspond- 
ing to these values were estimated on the assumption that the above 
capital cost reduction for the solar thermal electric conversion 
system is due to a technological improvement in the central re- 
ceiver system. A technological improvement of this sort is 
applicable also for the solar hydrogen (recall the delineation 
of the solar hydrogen in Figure 1). The estimated values are $231, 
$187, $143 and $99 per KWth; let these four cases be denoted by 
S1, S2, S3 and S4, respectively (see Table 12). 

Figure 17 is an aggregated representation of the calculation 
results of an energy supplying contribution of the solar hydrogen. 
It is natural that the contribution may increase with the lower 
capital cost. To clarify the reason for this increase in Figure 
17, it is necessary to make a cost comparison of the alternatives. 
First, it is apparent from the static cost comparison displayed 
in Figure 17 that the solar hydrogen for S1 is still more expen- 
sive than the HTGR, and the petroleum and gas. Thus the effect 
of the change from the case B to S1 is in large part due to an 
economic cost comparison of the solar hydrogen and the electrolykic 
hydrogen. As stated before, the difference between the two 
is so subtle that both are used intersupplementarily to meet an 
auxiliary or intermediate demand, especially in the case of 
B-1.40 and 1.60. It follows that the change from the case B to S1 
results in a small replacement of the electrolytic hydrogen by the 
solar hydrogen. Second, the influence of the changes from the 
S1 to S2 and further to S3 is significantly different. The 
break-even value of the solar hydrogen cost that yields the equiv- 
alence of the HTGR hydrogen cost is between S2 and S3. For this 
reason, in S2, the solar hydrogen begins to take the place of the 
HTGR hydrogen; in S3 the HTGR hydrogen almost disappears. Third, 
Figure 17 indicates that the change from S3 to S4 has little 
effect on the solar hydrogen contribution. The reason for this 
is that the capital cost reduction from S3 to S4 does not 
affect the cost ranking between the petroleum and gas, the solar 
hydrogen and the HTGR hydrogen. This implies that the optimal 



CAPITALCOST O F S H Y D  ( $ / K W t h  
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F i g u r e  1 7 .  C o n t r i b u t i o n  o f  s o l a r  h y d r o g e n  ( S H Y D )  f o r  n o n - e l e c t r i c  
e n e r g y  s u p p l y  v e r s u s  cap i ta l  cos t  o f  S H Y D .  



choice between the three alternatives in S4 must be the same as 
the choice in S3, if the dynamically variable cost components 
have no influence. According to the calculated results for S3 
and S4, these variable cost components have to transform the 
energy allocation of the petroleum and gas and the solar hydrogen 
into each of the demand sectors but not to change the total 
amount of energy supply of each of the technologies. 

The calculated results of an energy supplying contribution 
of the solar thermal electric conversion system are shown in 
Figure 18. The following may be observed from Figure 18. First, 
the introduction of the solar thermal electric conversion system 
begins at S2, where the energy production cost of the solar thermal 
electric conversion system is about the same as the FBR power 
cost. As may be seen from Table 12, a greater part of the contri- 
bution is caused by the energy supply for the intermediate peak 
load. Second, since in S3 the solar cost is less than the nuclear 
cost, solar electricity is required in place of nuclear not only 
for the intermediate peak load but also for the base load. Third, 
the price of the solar electricity in S4 is low enough to 
use its electricity for the electrolytic hydrogen, if necessary. 
This is the case for S4-1.40 and 1.60. 

Another point worth noting as regards Figures 17 and 18 is 
the relationship between the petroleum and gas availability and 
the energy supplying contribution of the solar technology. Using 
intuition, we could expect that the solar contribution increases 
as the petroleum and gas reserves decrease. This intuitive ob- 
servation would be correct if there were no coupling between 
electric and non-electric energy supplying alternatives. In the 
model, however, there are several coupling relations including 
the constraints on the uranium-233 stockpile, and the endogenous 
demand of electricity for the electrolytic hydrogen. The fact that 
the solar contribution decreases as the petroleum and gas reserves 
decrease may be explained by the following: provided the HTGR 
hydrogen is used for supplementing the scarcity of the petroleum 
and gas, the FBR must be additionally constructed in order to pro- 
duce the corresponding additional uranium-233. The FBR obviously 
produces some electricity; the electric energy demand that remains 
(to be supplied by the solar thermal electric conversion system) 
decreases. 

The above coupling relations have an interaction with the 
energy costs of all of the alternatives. Thus, the relationship 
between the petroleum and gas availability and an energy supplying 
contribution of the solar technology is not monotonous (see Figure 
19). The above-mentioned interpretation will be more easily under- 
stood with the aid of Appendix C that gives the timing of energy 
production activities of the solar technologies, corresponding 
to each of the points mentioned of Figures 17 and 18. 

Figure 20 estimates the benefits of a technological improve- 
ment on solar power plants. A comparison of the base case and S1 
shows that for S 1  a $45/KWth ($237/KWe) reduction of the solar 
thermal electric conversion system results in cost savings of only 
$3 to $5 billion, because of the small solar contribution. For all 



CAPITAL COST OF STEC ( $ / K w ~ ~  ) 

I I I I 

1.52 3.80 4.94 5.97 
FBR LWR 

ENERGY PRODUCTION COST ( $ / 106 BTUe ) 

Figure 18. Contribution of solar thermal electric conversion 
system (STEC) for electricity supply versus capital 
cost of STEC. 
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(YEARS) 

2,250 3,375 4,500 5,625 
CUMUUTIVE AVAILABILITY OF PETROLEUM AND 
GAS RESERVES (10'' BTU ) 

Figure 19. Contribution of STEC to electricity supply versus 
cumulative availability of petroleum and gas 
reserves. 
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Figure 20. Benefits from reduction of cagital cost 
of solar technologies (STEC: solar thermal 
electric conversion system, SIIYD: solar 
hydrogen) . 



of the other cases, the benefits increase gradually, and in S4, 
for instance, the cost savings are between $33 and $53 billion. 
The cost savings resulting from a technological improvement are 
to be considered an index of the technological assessment. 

Finally, let us look at the results of anot.her sensitivity 
analysis of the value of the current annual cost of a coal-fired 
electricity generating plant. The values that were chosen for 
this purpose are given in Table 13: $1.00, $0.83, $0.67, $0.50, 
and $0.33 per lo6 BTU, for the base case, and for cases C1, C2, 
C3 and C4, respectively. 

Figure 21 provides the energy supplying contribution of the 
coal as a function of the current annual cost. It follows from 
Figure 21 that: 

a) the situation in the model society 1.40 is significantly 
different from that in other societies, since the reserves 
of petroleum and gas are so scarce that even the coal 
electricity that is statically more expensive than the 
LWR and the FBR is useful for the electrolytic hydrogen; 
and 

b) the situations in the model societies 1.60, 1.80 and 
1.100, are the same since the reserves of the petroleum 
and gas are so abundant that the FBR can provide almost 
all of the endogenous electricity demand (see Figures 
9, 10 and 11). Thus, there is less need to introduce 
a larger number of coal plants in order to supplement 
the scarcity of the petroleum and gas. 

The contribution of coal is still below fifty percent of 
the total contribution, even though the static power cost of the 
coal is lower than the costs of the LWR and the FBR. This is 
because of the inevitable need to introduce the HTGR that replaces 
the petroleum and gas, and the need to install the FBR that pro- 
duces uranium-233. Therefore, the ratio of the installed' capaci- 
ties of the FBR and the HTGR will be stationary in later years 
(see Appendix D). 

Calculations of the benefits from the above mentioned re- 
ductions of the current annual cost of the coal are shown in 
Figure 22. For C4 that yields a coal power cost which is less 
than a nuclear power cost, the resulting cost savings for the 
model society 1.40 and for all of the other societies are $170 
and $110 billion, respectively. One reason why the benefits of 
the coal cost reduction is higher than those of the solar cost 
reduction is that the model assumes the unlimited reserves of 
coal. If C4, for instance, is compared with the base case, the 
coal consumption of C4 through the year 2050 is three to ten and 
one-half times more than that of the base case because of the 
low cost of coal (see Table 14). In actual fact, coal reserves 
are limited, depending on the cost. Provided availability is 
assigned to each of the grades of coal, the model would give a 
different, perhaps lower, value to the benefit of coal cost 
reduction. 
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F i g u r e  2 1 .  C o n t r i b u t i o n  o f  coal t o  e l e c t r i c i t v  s u p p l y  
v e r s u s  c u r r e n t  a n n u a l  cost  of c o a l .  
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Table 14. Cumulative consumption of natural resources 

18 PETG = petroleum-gas, in Q; = 10 BTU. 

COAL = Coal, in Q; = 1 O ~ ~ B T U  

6 6 NU = Natural Uranium in 10 t; = 10 metric tonnes of U. 



V .  Concluding  Remarks 

T h i s  p a p e r  i l l u s t r a t e s  s e l e c t e d  s t r a t e g i e s  f o r  a  t r a n s i t i o n  
from f o s s i l  f u e l  t e c h n o l o g i e s  t o  n u c l e a r  and s o l a r  t e c h n o l o g i e s ,  
by u s i n g  a  l i n e a r  p r o g r a m k i n g  model t h a t  e x t e n d s  t h e  ~ g f e l e - l l a n n e  
model .  The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  of  s o l a r  t e c h n o l o g y  
a s s e s s m e n t  a r e  a s  f o l l o w s :  

( 1 )  The t a r g e t  v a l u e  of  t h e  c a p i t a l  c o s t  o f  t h e  s o l a r  
t h e r m a l  e l e c t r i c  c o n v e r s i o n  sys t em i s  a p p r o x i m a t e l y  
$800/KWe ( c a s e  S2)  i n  1974 US d o l l a r s .  P rov ided  s o l a r  
e l e c t r i c i t y  i s  used  f o r  t h e  b a s e  l o a d ,  t h e  c a p i t a l  c o s t  
of  s o l a r  power i s  h i g h e r  t h a n  t h a t  of  n u c l e a r  power. 
However, f o r  t h e  i n t e r m e d i a t e  l o a d ,  t h e  d i f f e r e n c e  i n  
t h e  c o s t s  of  n u c l e a r  and s o l a r  power d i s a p p e a r s .  The 
r e a s o n  i s  t h a t ,  d e s p i t e  t h e  h i q h  c a p i t a l  c o s t ,  
t h e  s o l a r  power s t a t i o n  i s  more economic f o r  t h e  i n t e r -  
m e d i a t e  l o a d  t h a n  i t  i s  f o r  b a s e  l o a d ,  m a i n l y  due  t o  t h e  
lesser r e q u i r e m e n t  of  t h e  number of  h e l i o s t a t s .  I n  
o r d e r  t o  make s o l a r  c o s t  more c o m p e t i t i v e  w i t h  n u c l e a r  
c o s t  f o r  b a s e  l o a d ,  it i s  n e c e s s a r y  t o  f u r t h e r  r e d u c e  
t h e  c a p i t a l  c o s t  o f  t h e  s o l a r  t h e r m a l  e l ec t r i c  c o n v e r s i o n  
sys t em by a b o u t  $200/KWe. 

( 2 )  S o l a r  hydrogen i s  c o m p e t i t i v e  w i t h  t h e  e l e c t r o l y t i c  
hydrogen  i n  t h e  b a s e  c a s e  i t s e l f .  I f  t h e  
p r o c e s s  h e a t  f rom t h e  s o l a r  power s t a t i o n ,  t h e  c a p i t a l  
c o s t  of  which i s  $800/KWe, c a n  b e  used  f o r  p r o d u c i n g  
hydrogen  ( a s  i s  t h e  c a s e  f o r  S 2 ) ,  t h e n  t h e  hydrogen  p ro -  
d u c t i o n  c o s t  i s  a l m o s t  e q u a l  t o  t h e  HTGR c o s t .  Thus,  
t h e  c a p i t a l  c o s t  o f  a  s o l a r  power s t a t i o n ,  i - e . ,  
$800/KWe, i s  a l s o  t h e  rough  t a r g e t  v a l u e  f o r  t h e  s o l a r  
hydrogen  t h a t  would r e p l a c e  t h e  n u c l e a r  hydrogen .  

( 3 )  The c o s t  s a v i n g s  o b t a i n e d  from r e a c h i n g  t h i s  t a r g e t  c o s t  
a r e  $2 b i l l i o n  t o  $3  b i l l i o n  i f  t h e r e  a r e  a b u n d a n t  
p e t r o l e u m  and g a s  r e s e r v e s  (80 and 100 y e a r s  re- 
s p e c t i v e l y ) ,  and $9 b i l l i o n  t o  $16 b i l l i o n  i f  t h e r e  
a r e  s c a r c e  p e t r o l e u m  and g a s  r e s e r v e s  ( f o r t y  and  s i x t y  
y e a r s ,  r e s p e c t i v e l y ) .  

I n  g e n e r a l ,  hydrogen t e c h n o l o g i e s  p l a y  a n  i m p o r t a n t  r o l e  i n  
t h e  expanded model s i n c e  hydrogen  i s  t h e  o n l y  f u e l  t h a t  c a n  t a k e  
t h e  p l a c e  of  p e t r o l e u m  and g a s .  The above  o b s e r v a t i o n - - t h a t  t h e r e  
i s  a  s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  b e n e f i t s  depend ing  on t h e  
p e t r o l e u m  and  g a s  a v a i l a b i l i t y - - i s  because  t h e  c o s t  s a v i n g s  r e s u l t  
more f rom t h e  i n t r o d u c t i o n  of  s o l a r  hydrogen i n  p l a c e  o f  e l e c t r o -  
l y t i c  hydrogen t h a n  from t h e  u s e  of  t h e  s o l a r  e l e c t r i c i t y  f o r  t h e  
i n t e r m e d i a t e  l o a d .  I n  o t h e r  words,  s t r a t e g i e s  f o r  t h e  t r a n s i t i o n  
from t h e  p e t r o l e u m  and g a s  b a s i s  v a r y  g r e a t l y  w i t h  t h e  c h o i c e  o f  
t h e  HTGR, s o l a r  and  e l e c t r o l y t i c  hydrogen .  T h e r e f o r e ,  a  c o s t  
e s t i m a t e  on hydrogen  t e c h n o l o g y  is one  of  t h e  mos t  c r u c i a l  param 
meters i n  t h e  model.  F o r  t h e  expanded model t o  y i e l d  some d e t a i l e d  
r e s u l t s ,  it i s  n e c e s s a r y  t o  n o t  o n l y  improve t h e  a c c u r a c y  of  c o s t  



e s t i m a t i o n  b u t  a l s o  t o  t a k e  i n t o  a c c o u n t  o t h e r  a l t e r n a t i v e s ,  such  
a s  a n  advanced t y p e  of  hydrocarbon and b i o g a s  f u e l .  

The n o d e l  i s  a l s o  conce rned  w i t h  t h e  e f f e c t  of  t h e  c o a l  c o s t  
on d i f f e r e n t  e n e r g y  s u p p l y  s t r a t e g i e s .  The break-even  v a l u e  of  
t h e  c u r r e n t  a n n u a l  c o s t  o f  a  c o a l - f i r e d  g e n e r a t i n g  p l a n t  ( t h a t  
y i e l d s  a  z e r o  d i f f e r e n c e  between n u c l e a r  power c o s t s  and c o a l  power 
c o s t s )  i s  a p p r o x i m a t e l y  3 . 7  m i l l s / K W e H .  The s o l u t i o n  i n d i c a t e s  
t h a t  $80 b i l l i o n  a r e  e x p e c t e d  t o  b e  t h e  c o s t  s a v i n g s .  T h i s  
f i g u r e  i s  p r o v i s i o n a l ,  based  o n  t h e  a v a i l a b i l i t y  o f  more t h a n  
3 .5  x lo1' BTU o f  t h e  p e t r o l e u m  and g a s  r e s e r v e s ,  and more t h a n  
3 . 0  x 10' El BTU o f  t h e  c o a l  t h a t  c o s t s  $0.4/1 o6  BTU ( t h i s  c o r r e -  
sponds t o  t h e  above break-even v a l u e ) .  

I n  f a c t ,  however,  r e s o u r c e  a v a i l a b i l i t y  depends  o n  c o s t .  
To a s s e s s  t h e  eonomic f e a s i b i l i t y  of  c o a l  t e c h n o l o g i e s ,  one  must  
t a k e  i n t o  a c c o u n t  t h i s  c o s t  dependency,  i . e .  t h e  d i f f e r e n t  g r a d e s  
o f  c o a l  r e s o u r c e .  I n  a d d i t i o n ,  p e t r o l e u m  and g a s  s h o u l d  b e  re- 
g a r d e d  a s  d i f f e r e n t  r e s o u r c e s ;  however,  t h e  expanded model sup- 
p o s e s  t h a t  t h e y  c a n  b e  a g g r e g a t e d  t o  b e  t h e  same. T h e r e a f t e r ,  
t h e  pace  of  t r a n s i t i o n  from one  a l t e r n a t i v e  t o  a n o t h e r  w i l l  b e  
more smooth. 3 

3 ~ e e ,  f o r  example,  171. 
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Mathematical Description of the Ex~anded Model 
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A-2: Supply Alternatives Characterization. 

A-3 : Demand Projections . 
A-4: Objective Function-Cost Minimand. 



Appendix A-1 : N o t a t i o n  

I n d i c e s  

h: index f o r  t i m e - s t e p  ( t e n  y e a r s )  of  p l a n n i n g  h o r i z o n ;  - 

h  = 1 ,  ..., H;  H: number of  decades  f o r  p lann ing  h o r i z o n ,  

h  = fl: 1971 + 10(H - 1 )  t o  1980 + 10(H - 1 ) .  

i: index  f o r  ene rgy  supp ly ing  a l t e r n a t i v e s ;  - 
i = 1 . 1 ;  I: number o f  a l t e r n a t i v e s .  

F o s s i l :  

i = 1  : COAL ( c o a l  steam g e n e r a t i n g  e l e c t r i c i t y )  ; 

i = 2:  PETG (pe t ro leum and g a s  i n  form of  secondary  
energy  o t h e r  t h a n  e l e c t r i c i t y )  . 

Nuclear:  

i = 3 :  LWR (LWR e lec t r ic  g e n e r a t i o n )  ; 

i = 4 :  FBR (FBR e l e c t r i c  g e n e r a t i o n )  ; 

i = 5:  HTGR (hydrogen p r o d u c t i o n  from thermochemical 
w a t e r  s p l i t t i n g  by p r o c e s s  h e a t  o f  HTGR). 

S o l a r  : 

i = 6 .  . STEC ( s o l a r  the rmal  e l e c t r i c  c o n v e r s i o n )  ; 

i = 7:  OBSE (ocean-based s o l a r  e l e c t r i c i t y ) ;  t 

i = 8 : PVSE ( p h o t o v o l t a i c  s o l a r  e l e c t r i c i t y )  ; ' 
i = 9: SBIO ( b i o g a s  p r o d u c t i o n  from solar power) ; '  

i = 10: SHYD (hydrogen p r o d u c t i o n  from s o l a r  power) . 

- - -  - -- 

t 
A s  r e g a r d s  t h e  c a l c u l a t i o n  r e s u l t s  r e p o r t e d  h e r e ,  t h e y  are  
excluded because  o f  t h e  l a c k  of d a t a .  



A u x i l i a r y :  

i = 11: ELHY (hydrogen p r o d u c t i o n  from e l e c t r o l y s i s ) .  

j :  i n d e x  f o r  e n e r g y  r e s o u r c e ,  n a t u r a l  and man-made; - 

j = l , . . . , J ;  J: number o f  ene rgy  r e s o u r c e s .  

N a t u r a l  Resources :  

j = 1 :  COAL ( c o a l  and l i g n i t e )  ; 

j = 2: PETG ( p e t r o l e u m  and n a t u r a l  g a s )  ; 

j = 3: NATU ( n a t u r a l  uranium, low and h i g h  c o s t s ) .  

Man-Made Resources :  

j = 4 : PLUT ( f i s s i l e  p lu ton ium)  ; 

k: i n d e x  f o r  ene rgy  u t i l i z a t i o n  p a t h  f rom a l t e r n a t i v e ,  i - 
t o  end u s e  c a t e g o r y ,  R ;  

k ( 1 ) :  f rom a l t e r n a t i v e ,  COAL t o  ca tegory -1 ;  

k ( 1 , 2 ) :  f rom a l t e r n a t i v e ,  COAL t o  ca tegory -2 ;  

k ( 1 , L ) :  f rom a l t e r n a t i v e ,  ELHY t o  ca tegory-L.  

R :  i n d e x  f o r  end u s e  c a t e g o r y ;  - 
R = 1 ,  ..., L; L: number o f  end u s e  c a t e g o r y ;  

R = 1 :  RCEBL ( r e s i d e n t i a l  and commercial  u s e s ,  b a s e  
l o a d  e l e c t r i c i t y )  ; 

R = 2: RCEIP ( r e s i d e n t i a l  and commercial  u s e s ,  i n t e r -  
m e d i a t e  and peak l o a d  e l e c t r i c i t y ) ;  

R = 3: RCN ( r e s i d e n t i a l  and commercial  u s e s ,  non- 
e l e c t r i c  e n e r g y )  ; 

R = 4 :  INEBL ( i n d u s t r i a l  u s e ,  b a s e  l o a d  e l e c t r i c i t y ) ;  

2 = 5: INEIP ( i n d u s t r i a l  u s e ,  i n t e r m e d i a t e  and peak 
l o a d  e l e c t r i c i t y )  ; 



R = 6 :  I N N  ( i n d u s t r i a l  u s e ,  n o n - e l e c t r i c  e n e r g y ) ;  

R = 7: TRN ( t r a n s p o r t  u se ,  n o n - e l e c t r i c  e n e r g y ) .  

V a r i a b l e s  

Endogenous 

h  
DQi : I n s t a l l e d  energy p roduc t i on  c a p a c i t y  of  a l t e r - "  

n a t i v e  i, in t roduced  a t  t ime - s t ep  h  (TWth/year); 

h  DPi : Energy p roduc t ion  c a p a c i t y  of  a l t e r n a t i v e  i, 
h 

a c t u a l l y  used  o u t  o f  DQi   year); 

h 
D Q k ( i l  R )  

: I n s t a l l e d  energy p roduc t i on  c a p a c i t y  i n t roduced  
f o r  p a t h  k (  i, R) a t  t ime - s t ep  h ( ~ W ~ ~ / y e a r )  ; 

h  
DPk ( i t%) : Energy p roduc t i on  c a p a c i t y  a c t u a l l y  used o u t  of 

h  
D Q k ( i , ~ )  (TWth/year : 

h  h  DPk (FBPL, 2 )  : Plutonium produc t ion  c a p a c i t y  used o u t  of  DPk (FBR, L )  
(TWth/year : 

h  
PCi : Annual energy p roduc t ion  a c t i v i t y  o f  a l t e r n a t i v e  i 

a t  t ime - s t ep  h  (TWth) ; 

h  
"k ( i , L  ) 

: Annual energy p roduc t i on  a c t i v i t y  i n  p a t h  k ( i , % )  
a t  t ime-s tep  h  (TW t h )  ' 

DCS 
h  

: Annual consumption of  r e s o u r c e  j ( 1  0' 8 ~ ~ ~ / y e a r ,  
j 6 3 

10 o r  10 t on /yea r )  ; 

h  
D C S ~ ~ ~ ~  

: Annual consumption of  low-cost  ($15 / lb )  n a t u r a l  
6 uranium (1 0  t on /yea r )  ; 

h  
D C S ~ ~ ~ ~  

: Annual consumption o f  h igh-cos t  ($50/ lb)  n a t u r a l  
6 

uranium ( 1  0  ton /year )  ; 

CS 
h  

: Cumulat ive consumption o f  r e s o u r c e  j (1 O ~ ' B T U ,  
j 6 3 

10 o r  10 t o n )  ; and 

h  
"NULC 

: Cumulative consumption o f  low-cost ($1 5 / l b )  n a t u r a l  
6 uranium (1 0  t o n )  . 



Exogenous 

h  
D M ~ ~ ~ ~  

: Annual demand of  e l e c t r i c  energy (TW e year /year ) ;  

: Annual demand of  n o n - e l e c t r i c  energy (TWnon - year /  
y e a r )  ; 

h 
D M ~ ~ ~  

: Annual e l e c t r i c i t y  demand of  r e s i d e n t i a l  and 
commercial u s e  (TWe y e a r / y e a r ) ;  

h  
D M ~ ~ ~  

: Annual e l e c t r i c i t y  demand of  i n d u s t r i a l  u s e  
(TWe y e a r / y e a r ) ;  and 

h  
DMk 

: Annual energy demand of  c a t e g o r y  (TWe o r  none year /  

y e a r )  . 

Parameters  

' i : Energy supp ly  e f f i c i e n c y  of  a l t e r n a t i v e  i ( - 1;  

'HTR 
: Thermal e f f i c i e n c y  of h igh- temperature  g a s  coo led  

r e a c t o r  ( - ) ; 

6F : I n i t i a l  i nven to ry  o f  nuc l ea r  f u e l  j o f  r e a c t o r  i 
j f i  6 3 

( 1 0  o r  1  0  ton/TWe) ; 

6R. : R e t i r e d  i nven to ry  of  n u c l e a r  f u e l  j of  r e a c t o r  i 
l f i  6 3 

(10 o r  10 ton/TW;); 

aF . : Annual r equ i rement  of  n u c l e a r  f u e l  j o f  r e a c t o r  i 
l f i  6 3 

(10 o r  10 ton/TWe y e a r ) ;  

aR . : Annual r e cove ry  of  n u c l e a r  f u e l  j of  r e a c t o r  i 
l f i  6 3 

( 1 0  o r  1  0  ton/TWe y e a r )  ; 

RA : N a t u r a l  energy r e s o u r c e  a v a i l a b i l i t y  ( y e a r s  o r  
j 6 

10 t o n )  ; 

h : T o t a l  annua l  demand of e l e c t r i c  energy (TWthf wR 
DMELEC 

y e a r / y e a r ) ;  e q u i v a l e n t  

h  : T o t a l  annua l  demand o f  n o n - e l e c t r i c  energy 
DMNONE (TWthf  PETG e q u i v a l e n t  yea r /year )  ; 



h - E l e c t r i c i t y  a l l o c a t i o n  f a c t o r  f o r  e a c h  demand 
'RCE Or INE. s e c t o r ,  r e s i d e n t i a l  and commerc ia l  o r  i n d u s t r i a l  

h  
'Q 

: N o n - e l e c t r i c  e n e r g y  a l l o c a t i o n  f a c t o r  f o r  each  
demand s e c t o r ,  R = RCN, I N N ,  o r  TRN ( - ) ; 

: S h a r e  o f  i n t e r m e d i a t e  peak  e l e c t r i c i t y ;  
R = RCEIP, INEIP ( - ) . 

P R  : Load d u r a t i o n  f a c t o r  o f  e a c h  demand c a t e g o r y  ( - ) ; 

: F u e l  u t i l i z a t i o n  f a c t o r  o f  n o n - e l e c t r i c  e n e r g y  
i ( a )  ; 

C u r k ( i , l l )  : C u r r e n t  c o s t  o f  e n e r g y  u t i l i z a t i o n  p a t h  k  ( i , R )  
9 

( $1 0 /TWth y e a r )  : 

-1 
r : Annual d i s c o u n t  r a te  ( y e a r  i 

: Lag t i m e  between commiss ioning  and  f u l l  power 
o p e r a t i o n  ( y e a r )  ; 

A i : Upper bound on a n n u a l  s o l a r  t e c h n o l o g y  i n t r o d u c t i o n  
r a te  ( ~ W ~ ~ / y e a r )  ; 

' i : RED t i m e - i n t e r v a l  u p  t o  commerc ia l  i n t r o d u c t i o n  
o f  s o l a r  t e c h n o l o g y  ( y e a r )  ; 

h 
UBDQi : Upper bound on a n n u a l  i n t r o d u c t i o n  r a t e  o f  

a l t e r n a t i v e  i  year) year); and 

: 1970 a n n u a l  i n c r e a s i n g  r a t e  o f  e n e r g y  demand o f  
demand c a t e g o r y  R .  



Appendix A-2: Supply Alternatives Characterization 

Annual Energy Production Activity 
h 

( Tklt hl Pck(i,e)- 

h h-3 
= 5.0 * DPk(i,e) h- 2 

PCk (i, 2 )  
+ 10.0 * DPk(i,e) 

where, 

and 

L 
'AS regards fossil fuel and solar alternatives, these 

equations can be combined such that P C ~  5 5DQ h-3 + IODQ h-2 
+ lODQ h h-l + 5DQ . In case of nuclear alternatives, however, 
these should be, in principle, separated because of the com- 
plicatedness of the nuclear fuel cycle, as will be shown later. 
Furthermore, the PC activity should be expressed also in terms 
of the age of plants (Figure 3). However, these considerations 
require a great number of variables; therefore, in the present 
version of the program, the most simplified form was taken; 
the combined equations mentioned above were used not only for 
the fossil and solar but also for the nuclear, after confirming 
the fact that all nuclear plants are not underutilized but - 
used to full power level because of their high capital costs. 



I n i t i a l  C o n d i t i o n  on DQ h 
(TWth /yea r  k ( i , R ) -  

F o r  i = 1 (COAL) 

a = 1 (RCEBL) ,  2 (RCEIP) ,  

4 ( I N E B L ) ,  5 ( I N E I P )  . 

F o r  i = 2 (PETG) 

p c 0  
k C 2 , R )  

= DM: ; = 3 ( R C A ) ,  6 ( I N N ) ,  7 (TRN) . 

F o r  a l l  t h e  other  i ' s  

-2  - - 1 - 0  
DQk ( i ,  a )  - D Q k ( i , ! L )  - DQk ( i f  2 )  

= o  v a .  

h 
U p p e r  B o u n d s  on  DQ. 1- ( ~ W ~ ~ / y e a r )  

h h 
DQi 5 UBDQi i V h t v i  

F o r  i = 1 (COAL) , 2 (PETG) 

h UBDQi = " ; Vh 



F o r  i = 3 (LWR) 

h 
UBDQLWR = . 0 4  + . 0 6  * ( h -  1 )  Vh . 

F o r  i = 4 (FBR) , 5 (HTGR) 

h 
UBDQi = . 0 4  + . 0 6  * ( h  - 3 )  ; h > 3 

F o r  i = 6 ( S T E C ) ,  7 (OBSE) ,  8 (PVSE) 

F o r  i = 9 ( S B I O ) ,  1 0  (SHYD) 

F o r  i = 11  (ELHY) 

h - 
U B D Q ~ ~ ~ ~  

- O 0  . 

N e t  A n n u a l  C o n s u m p t i o n  of R e s o u r c e  j, DCS 
h 
j 

N a t u r a l  R e s o u r c e s  

1 8  
F o r  j = 1 (COAL) , ( 1 0  yea year) 



18 For  j = 2  (PETG), (10 BTU/year) 

6 
F o r  j = 3 (NATU) , ( 1 0  t o n s  o f  NU/year) 

h  - 1 1 2 1 4 t 5  
- h-3 

D C S ~ ~ ~ ~  Q b L W R * { d % u I L m * D Q k ( 3 . i )  + B F ~ ~ ,  LWR 

I l ~ r o v i d e d  t h a t  a l l  n u c l e a r  r e a c t o r s  a r e  n o t  u n d e r u t i l i z e d  
b u t  u s e d  w i t h  f u l l  power o p e r a t i o n ,  n u c l e a r  f u e l  c y c l e  e q u a t i o n s ,  
A3, A4 and  A5 c a n  b e  s i m p l i f i e d  by u s i n g  DQ and  PC i n s t e a d  o f  
DP. A s  s t a t e d  i n  t h e  f o o t n o t e  on  page 71 ,  t h o s e  S i m p l i f i e d  
fo rms  a r e  u s e d  i n  t h e  p r e s e n t  v e r s i o n .  The r e l a t i o n s  between 
t h e  c o e f f i c i e n t s  o f  E q u a t i o n s  A 3 ,  A 4 ,  A 5 ,  and t h e  r e a c t o r  d a t a  i n  
T a b l e  4 a r e  a s  below: 

(Note:  6 = t h e  co12ponent 
of  t h e  n u g l e a r  f u e l  re- 
c o v e r e d  f rom r e t i r e d  
c o r e ,  t h e  amount o f  which 
i s  d e p e n d e n t  on t h e  ope r -  
a t i o n a l  scheme d u r i n g  
p l a n t  l i f e .  ) 



and 

Man-Made Resources  

3  
Fo r  j = 4  (PLUT) , (1  0 t o n s  o f  Pu ( f  ) / y e a r )  

S + a h-2 + h- 1  
PUrk(3 ,R)  * DPk(3 ,R)  PUrk(3 ,R)  * DPk(3 ,R)  

+ a b h  
PUfk(3 ,R)  * DPk(3,!?,) 

* j 6 R  

1 
h-3 

+ ' ~ F B R  PU, FBR * DQk(4 ,  R )  + 6 F ~ ~ f ~ ~ ~  

* ( S 
DPk (FBPL, R )  

S 

h-2 ) + a B ~ ~ , k ( ~ , R )  - DPk(4 ,R)  

- Dph-' 
k ( 4 , R )  

- DP h  
k ( 4 , R )  

( ~ 4 ) '  

' S e e  f o o t n o t e  1 1 o n  page  74. 



where 

-2 - - 1 - 0 
DPk (FBPL, L )  - DPk (FBPL, e) - DPk (FBPL, &) = o  VR , 

3 
For j = 5 (U233), (10 tons of 233~/year) 

3,617 

6 R ~ 3 ,  HTR 
h-3 -k 6F * DQk(5,R) U3, HTR 

h-3 - h-3 
* (Dpk(41R) DPk (FBPL R) ) + U3,k(4,R) 

h-2 h-2 
* (Dpk(41R) - DPk (FBPL, R) ) + U3,k(4,R) 

h- 1 h- 1 1 b 
* kPk(4,t) - DPk (FBPL. R) + aB~3,k(4,~) 

- h 
DPk (FBPL, t) ))] ; .h (~5)' 

n 
See footnote I 1 on Page 74- 



h Upper Bounds o n  Cumula t ive  Resource  E x t r a c t i o n ,  CS : 
j 

N a t u r a l  Resources  

18 
For  j = 1 (COAL) , (1 0  BTU) 

18 
( y e a r s )  * .625 (TWth) * .03  ( 10 BTU ) 

-< '&COAL T W ~ ~  y e a r  

18 
For  j = 2 (PETG), (10  BTU) 

18 
( y e a r s )  * 1.875(TWth) * . 0 3 (  10  BTU ) 

5 R A ~ ~ ~ ~  T W ~ ~  y e a r  

6  
For  j = 3 (NATU), (10 t o n s  o f  N U )  

6  IULNULC (10 t o n s  o f  N U )  : Vh . 

Man-Made Resources  

3  F o r  j = 4 (PLUT) ,  (10  t o n s  o f  P U ( f ) )  

3  < 0.0 (10 t o n s o f  P u ( f ) )  : Vh - 



3  
For  j = 5 (U233),  ( 1 0  t o n s  of  2 3 3 ~ )  



h Upper Bounds o n  Cumula t ive  Resource  E x t r a c t i o n ,  CS : 
j 

N a t u r a l  Resources  

18 For  j = 1 (COAL) ,  (10  BTU) 

18 

I T ) ' A ~ ~ ~ ~  ( y e a r s )  * .625 (TWth) * - 0 3  ( I 0  TWth BTU y e a r  ) . 

18 
5 RApETG(years) * 1.875(TWth) * . 0 3 (  10 BTU ) 

TWth y e a r  

6 
For j = 3 (NATU) , (1 0  t o n s  o f  NU) 

Man-Made Resources  

6  
-< %ULC (10  t o n s  of N U )  ; vh . 

3 
< 0.0 (10 t o n s  o f  P u ( f ) )  ; Vh . - 



3  
For j = 5 ( U 2 3 3 ) ,  ( 1 0  t o n s  of 2 3 3 ~ )  

3  < 0 . 0  ( 1 0  t o n s  of - 23321) ; Vh . 



A p p e n d i x  A-3: D e m a n d  P r o j e c t i o n s  

E l e c t r i c i t y  

Secondary E n e r g y ,  (TW + 

E n d  U s e ,  (TW_ y e a r )  
L 

h - 
D M ~ ~ ~ ~ ~  - @RCEBL * - <RCEIP 

) * D M ~  RCE ; 'h 

h - - h 
D M ~ ~ ~ ~ ~  @RCEIP * <RCEIP * DPIRCE ; Uh . 

h - 
D M ~ ~ ~  - C I N E  * D M ~  ELEC ; 'h 

h - * ( 1  - h 
D M ~ ~ ~ ~ ~  - @INEBL ~ I N E I P  1 * D M ~ ~ ~  , vh , 

h - - h 
D M ~ ~ ~ ~ ~  @INEIP * ~ I N E I P  * D M ~ ~ ~  ; uh . 

N o n - E l e c t r i c  E n e r s v  

Secondary E n e r g y ,  (TWnon-e y e a r )  

h o s O N E  = D M N O N E ~  ; uh 

E n d  U s e ,  (TWnon-e y e a r )  

h - 
D M ~ ~ ~  - @RCN * ~ R C N  NONE ; 'h 

* D M ~  



S u ~ ~ l v / D e m a n d  B a l a n c e  

E l e c t r i c i t y ,  (TW- y e a r )  
b 

vh R = 1  (RCEBL) , 2 ( R C E I P )  , 5 ( I N E I P )  . 

N o n - E l e c t r i c  E n e r g y ,  (TWnon-e y e a r )  

h V ~ ~ ~ ~ ( ~ )  * 
* P C k ( l l , R )  1 + v  PETG ( R )  

'SBIO 

R = 3 (RCN) , 6 ( I N N )  7 (TRN) 



Appendix A-4:  O b j e c t i v e  F u n c t i o n  - C o s t  Minimand 

P r e s e n t  v a l u e  o f  c o s t s  i n c u r r e d  a n n u a l l y  d u r i n g  e a c h  d e c a d e  

o v e r  t h e  p l a n n i n g  h o r i z o n ,  
h  

ECk (i, i )  ( $  l o g / y e a r )  

h  
= B 10 (h-5) , cur h  

ECk (i, i )  1 k ( i , i )  * P C k ( i , R )  

h  + B-' * (1 - T V )  * c a p  
h  

k ( i ,  R )  * D P k ( i , R )  

where,  

0  ; o t h e r w i s e  . 

H 
O b j e c t i v e  F u n c t i o n ,  TCK ( $ 1  0'1 

min 



APPENDIX B 

Optimal Solutions of Base Cases, B-1.40, 1.60, 1.80 

and 1.100, in Terms of Individual Demand Categories 

Case 

Figure B-la B-1.40 
lb 
1 c 
2a B-1.40 
2b 
2c 
3a B-1.40 
3b 
3c 

Figure B-4a B-1.60 
4b 

Figure B-7a B-1.80 
7b 
7c 
8a B-1.80 
8b 
8c 
9a B-1.80 
9b 
9c 

Fiyure B-1 Oa B-1.100 
lob 
1 Oc 
Ila B-1.100 
1lb 
112 
12a B-1.100 
12b 
12c 

Demand Category 

Elec., Base Load, Res. and Comm. 
Indus . 
Subtotal 

Elec., Intermed., Res. and Comm. 
Indus. 
Subtotal 

Non-Elec., Res. and Corm. 
Indus. 
Transportation 

Elec., Base Load, Res. and Comm. 
Indus. 
Subtotal 

Elec., Intermed., Res. and Comm. 
Indils . 
Subtotal 

Non-Elec., Res. and Comm. 
Indus. 
Transportation 

Elec., Base Load, Res. and Ccmm. 
Indus. 
Subtotal 

Elec., Intermed., Res. and Comm. 
Indus. 
Subtotal 

Non-Elec., Res. and Corn. 
Indus. 
Subtotal 

Elec., Base Load, Res. and Comm. 
Indus. 
Subtotal 

Elec., Intermed., Res. and Comm. 
Indus. 
Subtotal 

Non-Elec., Res. and Comm. 
Indus. 
Transportation 
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APPENDIX C 

R e s u l t s  o f  S e n s i t i v i t y  -. A n a l y s i s  on C a p i t a l  

Costs of  S o l a r  Power P l a n t s  

( 1 )  C o n t r i b u t i o n  o f  S o l a r  A l t e r n a t i v e s  f o r  Energy Supp ly ,  
Cases :  B, S1, S2,  S3, S4. 

Case  

F i g u r e  C-la  1 .40  
1b  
2a 1 .60  
2b 
3a 1.80 
3b 
4a 1.100 
4b 

Energy,  Supp ly ing  Form 

E l e c t r i c i t y  
Non-E lec t r i c  Energy 
E l e c t r i c i t y  
N o n - E l e c t r i c  Energy 
E l e c t r i c i t y  
Non-E lec t r i c  Energy 
E l e c t r i c i t y  
N o n - E l e c t r i c  Energy 

( 2 )  Opt imal  Energy P r o d u c t i o n  A c t i v i t i e s  of  Each o f  t h e  A l t e r n a -  
t i v e s  f o r  Each o f  t h e  Demand C a t e g o r i e s ,  i n  Case  S2.  

Case 

F i g u r e  C-5a 1.40 
5b 
6a 
6b 
6c 
7a 
7b 
7c 
8 a  
8b  
8 c  

F i g u r e  

Demand Ca tegory  

A l l  E l e c t r i c i t y  
A l l  Non-E lec t r i c  Energy 
E l e c . ,  Base Load, R e s .  and Comm. 

I n d u s .  
S u b t o t a l  

E l e c . ,  In t e rmed . ,  R e s .  and  Comm. 
I n d u s .  
S u b t o t a l  

Non-Elec., R e s .  and Comm. 
I n d u s .  
T r a n s p o r t a t i o n  

A l l  E l e c t r i c i t y  
A l l  Non-E lec t r i c  Energy 
E l e c . ,  Base Load, R e s .  and  Comm. 

I n d u s .  
S u b t o t a l  

E l e c . ,  In t e rmed . ,  R e s .  and Comm. 
I n d u s  . 
S u b t o t a l  

Non-Elec., R e s .  and  Comm. 
I n d u s .  
T r a n s p o r t a t i o n  
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APPENDIX D  

R e s u l t s  of S e n s i t i v i t y  A n a l y s i s  on F u e l  C o s t s  

of C o a l - F i r e d  P o w e r  P l a n t s  

( 1 )  C o n t r i b u t i o n  of C o a l  A l t e r n a t i v e s  f o r  E l e c t r i c i t y  Supply,  
C a s e s :  B ,  C 1 ,  C 2 ,  C 3 ,  C 4 .  

C a s e  

F i g u r e  D-1 1 . 4 0  
D-2 1 . 6 0  
D-3 1 . 8 0  
D-4 1  . I 0 0  

( 2 )  O p t i m a l  E n e r g y  Product ion A c t i v i t i e s  of E a c h  of t h e  A l t e r -  
na t ives  f o r  E a c h  of t h e  D e m a n d  C a t e g o r i e s ,  i n  C a s e  C 3 .  

C a s e  D e m a n d  C a t e g o r y  

F igu re  D-5a 1 . 4 0  
5b 

F i g u r e  D-9a 
9 b  

A l l  E l e c t r i c i t y  
A l l  N o n - E l e c t r i c  E n e r g y  
E l e c . ,  B a s e  L o a d ,  R e s .  and Comm. 

I n d u s  . 
S u b t o t a l  

E l e c . ,  I n t e r m e d . ,  R e s .  and Comm. 
Indus .  
S u b t o t a l  

N o n - E l e c  . , R e s .  and Comm. 
I n d u s  . 
T r a n s p o r t a t i o n  

A l l  E l e c t r i c i t y  
A l l  N o n - ~ l e c t r i c  E n e r g y  
E l e c . ,  B a s e  L o a d ,  R e s .  and Comm. 

Indus  . 
S u b t o t a l  

E l e c . ,  I n t e r m e d . ,  R e s .  and Comm. 
Indus  . 
S u b t o t a l  

N o n - E l e c . ,  R e s .  and C o r n .  
Indus  . 
T r a n s p o r t a t i o n  
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APPENDIX E 

Desc r ip t ion  of t h e  Computer Program 

Used f o r  t h e  C a l c u l a t i o n s  R e ~ o r t e d  

Leo Sch ra t t enho lze r  

1 .  I n t roduc t ion  and Summary 

The purpose of Appendix E i s  t o  g i v e  a  d e t a i l e d  d e s c r i p t i o n  
of t h e  computer program used t o  c a l c u l a t e  t h e  r e s u l t s  r epo r t ed  
i n  t h i s  paper.  This  d e s c r i p t i o n  should enable  t h e  r eade r  t o  
run t h e  program, and t o  do some s e n s i t i v i t y  a n a l y s i s  even i f  he 
does  n o t  want t o  understand programming d e t a i l s ;  it a l s o  con- 
t a i n s  f u r t h e r  in format ion  f o r  a  deeper unders tanding of t h e  
program. (The r eade r  who wants on ly  t o  change some parameters  
of t h e  model and/or run t h e  program should immediately proceed 
t o  Sec t ion  E-3 .2 .  ) 

1 . 1  General Desc r ip t ion  

The model desc r ibed  i n  t h i s  paper i s  an  LP (Linear-Pro- 
gramming) model c o n s i s t i n g  mainly of va r ious  ( l i n e a r )  c o n s t r a i n t s  
imposed on t h e  (non-negative) v a r i a b l e s  of t h e  model. These 
c o n s t r a i n t s  can be i n t e r p r e t e d  a s  t h e  fol lowing ma t r ix  v e c t o r  
r e l a t i o n :  

A x r b  ( 1 . 1 )  

where : 

A = a  mat r ix  wi th  one row f o r  each of t h e  c o n s t r a i n t s ,  
one column f o r  each of t h e  v a r i a b l e s ,  and an e n t r y  
a  . # 0 i f  t h e  v a r i a b l e  j has  a non-zero c o e f f i c i e n t  
1, I 

i n  t h e  c o n s t r a i n t  i; 

x  = t h e  v e c t o r  of t h e  v a r i a b l e s ;  

r = t h e  v e c t o r  of r e l a t i o n s  wi th  e n t r i e s  "r" ,  "L" ,  o r  
# I  = 11 denot ing  t h e  type  of t h e  corresponding c o n s t r a i n t ;  

and 

b  = t h e  v e c t o r  of t h e  r i g h t  hand s i d e  va lues .  



The problem is  t o  minimize t h e  v e c t o r  p roduc t :  

min c x  

s u b j e c t  t o  t h e  c o n s t r a i n t s  o f  (1 . l )  , where 

c = t h e  v e c t o r  of  t h e  c o s t  c o e f f i c i e n t s .  

C o n s t r a i n t s  and rows a r e  synonyms, a s  a r e  columns, v a r i -  
a b l e s  and a c t i v i t i e s .  The v e c t o r  p r o d u c t  i n  (1 .2 )  i s  c a l l e d  
" o b j e c t i v e  f u n c t i o n . "  

T h i s  LP problem h a s  been s o l v e d  by u s i n g  t h e  APEX package 
on a  CDC 6600 computer system; t h e  n e c e s s a r y  MPS-formatted 
i n p u t  h a s  been g e n e r a t e d  by a  FORTRAN program. 

2 .  A d d i t i o n a l  In fo rmat ion  a b o u t  t h e  Model 

T h i s  S e c t i o n  d e s c r i b e s  t h e  d i f f e r e n c e s  between t h e  model 
a s  it h a s  been d e s c r i b e d  i n  t h e  paper ,  and t h e  f i n a l  form o f  
t h e  c o n s t r a i n t s .  

2.1 Theory 

AS h a s  been i n d i c a t e d  i n  ~ p p e n d i x  A ,  ( f o o t n o t e  t o  Equa t ions  
( ~ 1 )  and (A2) ) , it i s  p o s s i b l e  t o  u s e  t h e  f o l l o w i n g  form o f  t h e  
c a p a c i t y  e q u a t i o n s :  

+ 5 * ~0~ 
-k (i, R )  

T h i s  form h a s  been chosen f o r  t h e  p r e s e n t  computer program; 
t h e  o n l y  d i f f e r e n c e  is  t h a t  t h e  DQ a c t i v i t i e s  have been deno ted  

dPC The f u e l - b a l a n c e  equa- th roughou t  by DP (mnemonic f o r  =). 

t i o n s  have been a d a p t e d  t o  t h e  f o l l o w i n g  forms:  

+ G F ~ ~ ,  LWR * DP:J 



h  
+ '%u, HTR 

* PC5 

( 2 . 2 )  
6 u n i t :  10 t o n s / y r  

3 
u n i t :  10 t o n s / y r  

(2 .4 )  
3 

u n i t :  10 t o n s / y r  

u n i t  TW-th, 
LWR e q u i v a l e n t  

(For  a d e f i n i t i o n  o f  t h e  c o n s t a n t  f a c t o r s ,  see S e c t i o n  2 . 3 ) .  



The remaining equa t ions  given i n  Appendix A remain un- 
changed. By s o l v i n g  SOL-;: equa t ions  ( t h a t  a r e  e s s e n t i a l l y  
a b b r e v i a t i o n s )  and by cons ide r ing  t h e  i n i t i a l  c o n d i t i o n s ,  w e  
a r r i v e  a t  t h e  f i n a l  form of t h e  c o n s t r a i n t s  desc r ibed  below. 

2 . 2  C o n s t r a i n t s  

A. csh : j  = COAL, PETG, NULC, NATU, PLUT, U233 
j  

h  = 10 f o r  COAL, PETG 

h = 1 ,  ..., 10 f o r  a l l  o t h e r  j ' s  . 
10 

CS : 10 * .03 * 1 p c h l <  RXj 
t 

j h l = l  j -  

j = COAL, PETG . 

( 2 . 6 j  

u n i t :  Q 

h  
+ 6 A ~ ~ , ~ ~ ~  

h l = l  

t - 
~ Z O A L  - %OAL * .625 * .03 

For f u r t h e r  in format ion ,  
see page 77. 

- 
R X ~ ~ ~ ~  - R A ~ ~ ~ ~  

* 1.875 * .03 



csNtLC: { same sum as  i n  csNATU 

(2.9) 
3 u n i t :  10 t o n s  

h '  
-t. 10 * nFBR * [ 2 'FPu, FBR * DP4 

h ' = l  

h  
- 1 a R  PU FBR * PC FBPL h ' ]  < - 0  ; Vh ,. h ' = l  

h  
3 u n i t :  10 t o n s  

+ h  ' =l  ' % 3 f ~ ~ ~  * PC;! 

h  h a s  been renamed t o  ANNUHC . 



(2.11) 

u n i t :  TWe 

(2.12) 

u n i t :  TWe 

I I 
(2.13) 

h  
* P C k ( l o , ~ )  + ~ E L H Y  u n i t :  T W ~ ~  

PETG e q u i v a l e n t  

R = 3,6 ,7  ; I 

P C F B R ~  - P C F B P L ~  > o . u n i t :  
- TWth.. 

LWR e q u i v a l e n t  

k  = va ry ing  over  a l l  p o s s i b l e  pa th s ,  
supplying source  i + demand s e c t o r  R . 

h-3 h  * D P  I 

k ( i ,  R )  
> o  . - PCk(i ,!L) - LWR equiv .  f o r  ELEC I 

PETG equiv .  f o r  NELE 

I For s i m p l i c i t y  of programming; 
~ ~ E L H Y  

means t h e  o v e r a l l  

e f f i c i e n c y  from thermal  demand f o r  e l e c t r i c i t y  t o  hydrogen 
- 

( RELHY 
* 

- "LWR QELHY) 



i = 1 ,  ..., 11 ( e x c l u d i n g  7 , 8 , 9 )  

h  h 
P C k ( i , e )  - P C i = O  ; Yh . (2 .17 )  

11~13 ,6 ,73  u n i t :  i = 2 , 5 , 1 0 , 1 1  TWth 
PETG e q u i v a l e n t  

i = 1  ,..., 11 ( e x c l u d i n g  7 , 8 , 9 )  

u n i t :  
h  h  TWth 

D P k ( i , R )  - DPi = 0  ; Vh . 
R e t 1 , 2 , 4 , 5 )  LWR e q u i v a l e n t  

i = 1 , 3 , 4 , 6  

h  h  - D P i = O  ; Vh . (2 .19 )  D P k ( i , R )  R={3,6,7) u n i t :  
i = 2 , 5 , 1 0 , 1 1  TWth 

PETG e q u i v a l e n t  

G. Bounds: 

C o n s t r a i n t s  on s i n g l e  v a r i a b l e s  c a n  b e  imposed d i r e c t l y  
by s p e c i f y i n g  a  "bounds set ." The bounds set  o f  t h i s  model 
c o n s i s t s  o f  two p a r t s :  

i) u p p e r  bounds on t h e  DP: v a r i a b l e s :  

i = LWR, FBR, HTGR, STEC, SHYD 

ii) F i x i n g  bounds f o r  t h e  DP h  
k (i, 2) 

v a r i a b l e s  : 

h  = -2 , -1, 0  

i = COAL, PETG u n i t :  TWth/year 

R = 1 ,  ..., 7  . 

(2 .20 )  

u n i t :  TWth/yr 

These a r e  t h e  i n i t i a l  c o n d i t i o n s  t h a t  have t o  b e  s p e c i f i e d .  
For d e t a i l s ,  see page  72 and S e c t i o n  E  3 .2 .  



H. O b j e c t i v e  f u n c t i o n :  

h  + f3-T * ( 1  - TV ) ( 2 . 2 1 )  

u n i t :  l o 9 $  ( 1 9 7 4 )  

+ c u r  
NUHC 

( F o r  f u r t h e r  i n f o r m a t i o n ,  see p a g e  81.  

2 . 3 .  D a t a  

The  p a r a m e t e r s  o f  t h e  e q u a t i o n s  are a l l  d e f i n e d  i n  t h e  
p a p e r .  T h i s  s e c t i o n  w i l l  d e f i n e  o n l y  t h e  p a r a m e t e r s  o f  t h e  
( r e f o r m u l a t e d )  f u e l  b a l a n c e  e q u a t i o n s :  

' T h i s  a c t i v i t y  h a s  b e e n  r e n a m e d  ( o r i g i n a l  name: 
h  

DcsNuHc)  

LWR FBR HTR u n i t  

' NU 0 . 5 0  0 . 0 0  0 .54  6 

6F 

1 0  tons/TWe 

PU 0 . 0 0  2 . 0 0  0 . 0 0  3 
1 0  tons/TWe 

, u 3  0 . 0 0  0 . 0 0  0 . 0 0  3 
1 0  tons/TWe 



FBR 

0.00 

2.00 

0.00 

HTR 

0.00 

0.00 

1.35 

u n i t  

6 10 tons/TWe 

3  10 tons/TWe 

3  10 tons/TWe 

3. The Computer Program 

The computer program c o n s i s t s  o f  two p a r t s :  t h e  major  one 
i . e . ,  t h e  g e n e r a t i o n  of t h e  i n p u t  m a t r i x ;  t h e  minor one ,  i . e . ,  t h e  
c a l l  o f  t h e  LP-rout ine  c o n s i s t i n g  of  o n l y  a  few s t a t e m e n t s .  

3.1 The Mat r ix  Genera t ion  

The m a t r i x  h a s  t o  be c r e a t e d  i n  MPS f o r m a t ,  whose main 
f e a t u r e s  a r e :  a )  it does  n o t  r e q u i r e  t h e  zero-e lements  of  
t h e  m a t r i x  and t h e  r igh t -hand-s ide  t o  be  s p e c i f i e d ;  b )  t h e  
i n p u t  o f  t h e  m a t r i x  h a s  t o  be column by column. T h e r e f o r e ,  some 
c a r e  i s  n e c e s s a r y  t o  t r a n s l a t e  t h e  c o n s t r a i n t s  d e s c r i b e d  above 
i n t o  t h e  a c t u a l  m a t r i x  g e n e r a t i o n .  (For d e t a i l s  o f  t h e  MPS- 
fo rmat  see a n  APEX manual . )  

3.2 How t o  U s e  t h e  Proaram 

3.2.1 How t o  P r e p a r e  t h e  I n p u t  

The f o l l o w i n g  program d e s c r i p t i o n  by l i n e  numbers c o n t a i n s  
t h e  column "change.  " An e n t r y  "* "  means t h a t  changing t h e  
cor respond ing  v a l u e  i s  s t r a i g h t f o r w a r d  and d o e s  n o t  r e q u i r e  
a d d i t i o n a l  changes .  There  a r e  a l s o  d a t a  which, on t h e  one  
hand, a r e  d e r i v e d  from v e r y  b a s i c  assumpt ions  o f  t h e  model and 
a r e  t h e r e f o r e  n o t  s u b j e c t  t o  change i n  a  s e n s i t i v i t y  a n a l y s i s ;  
b u t  t h e s e  d a t a  a r e  a l s o  s e l f - e x p l a n a t o r y  t o  t h o s e  who t r y  t o  
unders tand  t h e  d e t a i l s  o f  t h e  program. These v a r i a b l e s  a r e  
n o t  d e s c r i b e d  i n  d e t a i l ;  o n l y  t h e  environment  i n  t h e  program 
is  g i v e n ,  and t h e  "change" column c o n t a i n s  a n  "s.  'I 

Line  No. I Change ( Explana t ion  

APEX r e q u i r e s  t h e  i n p u t  d a t a  t o  be  on  f i l e  
TAPE 1 

Problem o u t p u t  (see S e c t i o n  3.2.2)  



Line  No. Change 

* 11 
1 E x p l a n a t i o n  

HX = number of  t i m e  p e r i o d s  

I X  = maximum number of  supp ly  a l t e r n a t i v e s  

J X  = number of  r e s o u r c e  c o n s t r a i n t s  

LX = number of demand c a t e g o r i e s  

J D  = demand s e c t o r ,  which s u p p l i e s  t h e  
e l e c t r i c i t y  f o r  t h e  e l e c t r o l y s i s  

I T A U =  T (see page 70 [ y e a r s ]  

I n d i c e s  f o r  e l e c t r i c i t y  supp ly  p a t h s  

I n i t i a l  c o n d i t i o n s  

h  
D M ~ ~ ~ ~  

i = 1 see page 69 
I 

h  
I D ' J o ~ ~  i = 3  see page 69 

Annual a g g r e g a t e d  demand f o r  e l e c t r i c i t y  o r  
r . 9 ~ - e l e c t r i c  ene rgy ,  r e s p e c t i v e l y .  (These 
f i g u r e s  a r e  f o r  model s o c i e t y  1 . )  

Note: T h i s  i s  t h e  demand i n  t e r m s  of  
i n s t a l l e d  c a p a c i t y  and n o t  t h e  sum of t h e  
demands of  each  s e c t o r  because  of  t h e  l o a d  
f a c t o r s  p (R). 

UT c o n s t r a i n t s  

NRHS = number o f  RHS v e c t o r s  t o  be  g e n e r a t e d  

NBND = number of  bounds sets t o  b e  g e n e r a t e d  

HP(1,k)  = Upper bound f o r  t o t a l  COAL-consump- 
t i o n  f o r  RHS v e c t o r  k i n  [ a ]  (= RXCOAL; see 
page 179 ) These 50 Q mean v i r t u a l l y  
in.£ i n i t y  . 
HP(2,k)  = Upper bound f o r  t o t a l  PETG-consump- 
t i o n  f o r  RHS v e c t o r  k i n  [Q] . These v a l u e s  
cor respond  t o  t h e  model s o c i e t i e s  1  .40, 1  .60,  1 1.80 o r  1.100, r e s p e c t i v e l y .  

11 Without f u r t h e r  changes ,  HX c a n  o n l y  be  lowered.  
- 
'Has t o  be i n t e g e r  a t  p r e s e n t  s t a g e .  

"Flay assume o n l y  t h e  v a l u e s  1  , 2 , 3 , 4  and 5. 



Line No. I Change I Explanat ion 

G R ( i )  depends on ly  on t h e  kind of f o s s i l  
f u e l  used f o r  demand s e c t o r  R (COAL f o r  
ELEC. PETG f o r  NELE) , see  page 7 0 .  

R H O ( L )  = p ( J ? , )  ( s e e  page 7 0 )  

Break up of demand i n t o  s e c t o r s .  

D M ( L , H )  = DM: ( s e e  page 6 9 ) .  

The fol lowing va lues  f o r  t h e  [ I s  a r e  used 
( t h e  [ I s  a r e  no v a r i a b l e s  a t  t h e  p re sen t  
s t a g e  of t h e  program ) . 

DEP(1,h) = DP h-3 h  = 1.2.3 
k  (i, R )  

i = 1 1 2  

J?, = 1 ,  ..., 7 ++ 
0 = . 4 4  (Line No. 95) 

D M ~ ~ ~ ~  a r e  assumed 

0 = 1 . 4 4  (Line No. 96) 
D M ~ ~ ~ ~  

++For f u r t h e r  informat ion,  s ee  page 72. 



Line  No. Change E x p l a n a t i o n  - 

I The breakup f o r  t h e  i n i t i a l  c o n d i t i o n s  i s  

i 
cione j u s t  l i k e  f o r  t h e  demand p r o j e c t i o n  
w i t h  t h e  f o l l o w i n g  e x c e p t i o n :  

0 
RCN 

= .4/DMNONEo i s  assumed i n  o r d e r  t o  

a v o i d  t h a t  f o r  h=l t h e  i n s t a l l e d  c a p a c i t y  
i s  g r e a t e r  t h a n  t h e  p r o j e c t e d  demand. 

Remark: T h i s  d i l i g e n c e  i n  d e t e r m i n i n g  t h e  
i n i t i a l  c o n d i t i o n s  may n o t  s e e m  t o  be 
a p p r o p r i a t e  f o r  t h e  expec ted  a c c u r a c y  of  
t h e  r e s u l t s .  The r e a s o n  f a r  t h i s  compli-  
c a t e d  way of c a l c u l a t i o n  i s  i n t e r n a l ,  
namely it a l l o w s  f o r  a  b e t t e r  comparison 
w i t h  t h e  o r i g i n a l  ~ a f e l e - ~ a n n e  model [ 3 ] .  
I t  i s  recommended t o  anybody who wants  t o  
change t h e s e  i n i t i a l  c o n d i t i o n s  t o  d e t e r m i n e  
t h e s e  by hand. The c o n t r i b u t i o n  of  a  g i v e n  
set  of  i n i t i a l  c o n d i t i o n s  t o  t h e  supp ly  i n  
t h e  f i r s t  t h r e e  t i m e  p e r i o d s  may e a s i l y  b e  
c a l c u l a t e d  from formula  ( 2 . 1 5 ) .  

BETA = f3 1 1  1 1  
I n i t i a l i z a t i o n s  

S e t t i n g  of  l o g i c a l  c o n s t a n t s  f o r  e l e c t r i c i t y  
supp ly  p a t h s  

I n i t i a l i z a t i o n s  

* 1 2 9 - 1 3 2 1  I CUR(1,Jl ( L ) )  = c u r  
k ( i ,  l!.) 

( see page 8.1 ) 

9  
[ l o  $/TWth-a ]  ( f o r  d e f i n i t i o n  of  J1  see 

l i n e  46) 

NELE-supply p a t h s  (analogous  t o  l i n e s  45  G 46) 

YN(1,L) = V i ( l ! . ) / V ~ ~ ~ ~ ( l ! . )  " 

I I I For f u r t h e r  i n f o r m a t i o n ,  see page 81 . 
 or f u r t h e r  i n f o r m a t i o n ,  see page 8 0 .  



I E x p l a n a t i o n  

S e t t i n g  o f  l o g i c a l  c o n s t a n t s  i n  c o n n e c t i o n  
w i t h  t h e  bounds set .  

S e t t i n g  of l o g i c a l  c o n s t a n t s  i n  c o n n e c t i o n  
w i t h  t h e  bounds set .  

1 I n i t i a l i z a t i o n s  

(see page 183 f o c  d e f i n i t i o n  and u n i t s )  

ETA(1) = ETBCII = ?li 
lrll 

; w i t h  t h e  e x c e p t i o n s :  

ETA (5) = . 4  = 
"HTR 

ETB ( 5 )  = . 5  = 
'HTGR . . -- 

ETA( 1  1 = fiELHY .. . 
I n i t i a l i z a t i o n s  

BVAL ( 1 , H . K )  = UBDP; i n  bounds se t  k  [TWth/yr] 

h  
V ( 1 , J )  = c o e f f i c i e n t  of  a c t i v i t y  PCi 

i n  e q u a t i o n  C S ~  (see pages  73 and 74) 
j  

CAP (1 ,L)  = c a p  
k (it  R) [ l  o g $ / ~ ~ t h l  

9  (see page 81 
CUR(1,L) = c u r  

k ( i r  2 )  $/Twth-a I 
h  1  I J )  = c o e f f i c i e n t  of a c t i v i t y  DPi+2 i n  

(see pages 179 and 180) c o n s t r a i n t  CSj+2 

U ( 2 , I ,  J)  = c o e f f i c i e n t  o f  a c t i v i t y  DPi+2 i n  

h+3 (see pages  179 and 180) c o n s t r a i n t  CSj+2 

 or f u r t h e r  i n f o r m a t i o n ,  see page 23. 
. . -- 
"For  f u r t h e r  i n f o r m a t i o n ,  see page 181. 



479 - 51 11 ( Control program for APEX 

Line No. 

269 - 477 

How to Read the Output 

Two kinds of information are necessary to understand the 
output of the APEX optimization routine. The first one is 
general information which is specific to APEX and could be 
obtained from a manual, and the second kind concerns the names 
of the constraints and variables used in the program, namely 
how they correspond to the names used in section 2.2. 
This correspondence is described as follows: 

Change 

I. Constraint Names 

Explanation 

Writing of input matrix in MPS-format 

Row No. in 
APEX Output 

Row Name in Program I 
Name used in 
Section 2.2 

COST 

CS j ,  h j = COAL, 

PETG, 

h =  10(for j = NULC , 
COAL, PETG) NATU , 

h = 1, ..., 10 PLUT, 

otherwise U233 

DMND R h R = 1, ..., 7 
h = 1, ..., 10 

DIBRGN h h = 1,...,10 

only for those pairs (if R) 
which represent possible 
paths: source kind i -+ 

demand sector R 

AGPC i h i = lf...,ll 

(excl. 7,8,9) 

h = 1, 10 

h 
AGPC 



Row No.  i n  
APEX O u t p u t  

Name used i n  
Row Name i n  P r o g r a m  I S e c t i o n  2 . 2  

11. C o l u m n  N a m e s  

4 8 4  - 5 6 3  

C o l u m n  No.  
i n  

APEX O u t p u t  

AGDP i h i = 1 ,  ... 1 1  

( e x c l .  7 , 8 , 9 )  

h = 1 , . . . , 1 (  

~ C o l u m n  Name i n  P r o g r a m  

D P i R h  i = 1 , .  . . , l l  

o n l y  f o r  those pa i r s  (i, R) 
w h i c h  represent  poss ib le  
pa ths :  source k i n d  i -+ 

d e m a n d  sector R 

DP i h h = 1 ,  ..., 1 0  

i = COAL, 
PETG, LWRX, FBRX, HTGR, 
STEC,  SHYD, ELHY 

D P i R h  i = CL,  PG 

R = 1 , . . . , 7  

( o f  t h e  s p e c i f i c a t i o n  of 
t h e  i n i t i a l  c o n d i t i o n s  
on  page 1 8 7 )  

o n l y  f o r  those p a i r s  ( i l k )  
w h i c h  r ep resen t  poss ib le  
pa ths :  source k i n d  i -+ 

demand sector R 

i = COAL, 
PETG, LWRX, FBRX, HTGR, 
STEC,  SHYD, ELHY 

ANNUHC h h = 1 , . . . , 1 0  

PCFBPL h h = 1 ,  ..., 1 0  

Name used i n  
Sec t ion  2 . 2  

DP; 
i = 1 ,  ..., 1 1  

(excl .  7 , 8 , 9 )  

h = 1 ,  ..., 1 0  

h 
PCi 

i = 1 ,  ..., 1 1  

( e x c l .  7 , 8 , 9 )  

ANNUHC 

PCFBPL 
h 
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APPENDIX F 

Computer Program 

1 $ 3 E O U E N C t r W 3 9 *  
2 8ChARGE,GA7@8 -EQ3, 
3  J D R I C M 5 E @ P 0 , C L l ~ a @ B B ~ P V , T 5 ~ , 1 0 5 0 @ ~  
4 REIJIJCF, 
5 F f N .  
6 M A F ( [ l F F ]  
7 LGU. 
8 t ? E w l t ~ n ( T A ~ E b ]  
9  COPY ( T A P E h , T A P E l I  

1 0  R E I . I I ~ ~ O ( T A P E I )  
1 1  R F L t Z l A 0 0 p  
1 2  APPLIC,APEX.  
1 3  R F L , l V O O B Q *  
1 4  A P t r ,  
15 END OF RECORD 
I 6  P R O G R 4 M  S O L [ I ~ ~ U T , T ~ ~ F ~ ~ I N P U T , T A P E ~ ]  
1 7  REAL ~ N ( ~ ~ ~ ~ ) , ~ V A L ~ ~ ~ , I ~ , ~ I , D ~ ~ ~ , ~ ~ ~ ~ H P ( Z , ~ ~ ~ F C ( ~ )  
1 6  PEPL C U ~ ( l l r ~ ) ~ C ~ ~ t ~ I , ~ I , R H O ~ 7 1  
1 9  REAL V(5rb)t~KlllI,R3(b),RTP(6) , 
20 R E ~ A ( I I ] , E T H ( I ~ I , ~ A ~ S [ ~ I , D E P [ ~ , ~ I  
2 1 REAL OF (3p31,~F(3p31tA~(3r31,DR[3,31 
2 2  INTEGER S i [ b I , J l ( a ) , ~ , H I , H X , H l  
23 I N T E G E R  I N 1  ( 7 1  
2 4  REAL  NUHC 
2 5  REAL  U [ 2 , 3 , 4 )  
26  REAL  Z E ( 2 > , b ~ ( 2 ) , F Q 1 7 ]  
27 L O G I C A L  L C C ~ ~ , ~ ) , L U B ( ~ ~ ) , T , F  
2 0  C 
29  DATA (FO ( L ]  r L + l  , ? I  / ? H c L , ~ H C L , ~ H P G , ? H C L , ~ H C L ,  Z H P G t 2 H P G /  
3 0  DATA C P , C S , ~ P , U H , ~ I , A N , D I / ~ H C P , ~ Y C S I ~ ! H Q P , ~ ~ H U B , ~ H R I , ~ H A W , ~ H D I /  
3 1 DATA OB ,UU~PC,bT , r l l /&HUQ,2HUU,2HPC,aHUT ,2HOU/  
32  D A T A  P N A M E l n M N U , ~ ? l ~ ~ , F B P L / 4 H S O N U , 4 h D M N D , 4 H N U H C , 4 H F B P L /  
3 3  DATA G , P H G N / l H G I 4 H A F ? G h /  
3 4  DATA A G ~ ) P , A ~ P C / U M A G ~ P , ~ Y A G P C /  
3 5  D A T A  FX ,UP /2HFX I2#L lp /  
3 6  DATA [ P O S S ~ L ~ , L ~ ~ , ~ ~ / ~ * [ ~ H C O A ~ ~ , ~ H P E T G , ~ * ~ ~ ~ C ~ ~ L ) ~ ~ * [ ~ H ~ E T G ~ /  
3  7 D A T A  ( R K [ I ) ,  I ~ ~ , ~ ~ ) / U Y C O A L ~ ~ H P E T G , ~ H L W R X , ~ H F B R X , ~ H H T G R , U H S T ~ C  
3 8  x ~ H ~ J B s E , ~ H P V S E ,  4HSPTO,4HSHVD,UHELHV/ 
39  QATA ( H T P ( J 1  r J a 1 , 6 ) / 3 * [ l H L l  r l ~ N , 2 * ( 1 H L ) /  
40 O A T 4  [ W S ( J ) ,  J * 1 , 6 I / 4 H L O A b , 4 H P E T G , ~ H ~ U L C ~ 4 ~ N A T U , 4 Y P L U T t U h U 2 3 3 /  
4 1  C 
42 OAT4  H X , I X , J X , L X , J @ , ~ T A U / ~ ~ , ~ ~ , ~ , ~ , ~ , ~ /  
4 3  DATA W A , A S , A a , A W , A 9 / e l @ * , l a , - 1 m , m * 5 , r 3 /  
4 4  C 
4 5  DATA ( 1 1 ( I ) , I * l , 4 1 / i r 3 ~ ~ r 6 , 7 , ~ /  
a 6  DATA CJ1 (L3 t L 8 1 , 4 1 / 1 , 2 , 4 , 5 /  
4 7  DATA ~1~1(1),1*1,7I/~,~,2,1,1,2~2/ 
48 C 
4 9  DATA D~(1,1),0~(1,2),DM(1,3),DM(1,4)/~93,1m73,2~62,3~33/ 
50 DATA D M ( 1 , S I  , D ~ ( l , b ) ~ D M [ l ~ T )  ,DM(l,8113a62,3a62,3m62,3mb2/ 
5 1 DATA D ~ ( 1 , 9 ) , D ~ ( I , l ~ ) , D M ( 5 , 9 ) , O M ( ~ ) / 3 , 6 2 , 3 a b 2 , 3 * 6 Z , 3 ~ 6 2 /  
52  OATA O ~ ( 3 r i ) , D M ~ 3 , 2 ) , D M ( 3 , 3 ~ , O Y t 3 ~ 4 l / ~ m i ! 7 ~ 2 ~ ~ 9 , 3 m 3 ~ , 3 o 5 5 /  
5 3  DATA O;1(3,5)  ,OM(3 ,6 )  ,DM(3 ,7 )  ,DMC3,8 I  / 3 m b 2 , 3 m 6 Z r 5 o 6 2 , 3 * 6 2 /  
54 OATA ~ F C ( I ~ ~ I ~ l ~ ~ l / ~ a ~ l 0 ~ ~ l 0 ~ ~ 5 m /  
55 C 
56 N R H S ~ U  
57 NPNDs 1 
58  c 
59 DO 10 K81 ,NRHS 
60 l m  H P [ l I K ) * 5 B 0  
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1  cJ 1  ARt7,2I., lb 
182  AR(3,2).,29 
1 8 3  AQ(3,3)am19 
1 8 4  A F ( l , l ) 8 , 2 1  
185 A F  (3,3).m08 
186 @ Q ( 1 , 5 ) a , 1  
187 i'k(Z,21.2, 
183 11R(3,31.lm35 
189  C 
19@ t f ~ ( 1 1 " o ~  
191  E T A  ( 2 1  81, 
192  ETA131a.33 
193 ETA(41o.4 
194 t T A t 5 l ~ o ~  
195 tTAtb'1.,19 
196 t T A t 7 ) ' 0 ,  
197 E T A  (81  a@,  
198 E T A  t9) 'Q~w 
199 ET4(10).,35 
2Pl0 E14[11).,Zh 
2 0 1  no 156 I 8 1 , i X  
202  156 ~ T B [ I ] ~ E T A ( I )  
2U3 ETB ( 5 )  = @ S  
204 C 
285  00 51d K.lrNf3ND 
206 I ) @  514 I . i r I K  
207 09 514 HmlrHX 
208 514 ~ V A L ~ I ~ H ~ K I ~ ~ ,  
209 D O  182 k.1,NBND 
t l l n  00 182  h.lsHX 
21 1  P V A L [ ~ , H , K ) ~ , ~ ~ + , ~ ~ * ~ L O A T ( H ~ ~ )  
212  B V A L ( U r H , K ) . , 0 4 + , O B ~ f L 0 A T  (H-3) 
213 6 V A L ( 5 , H I K l . q f 1 4 + , 0 b * F ~ ~ L T ( H m 3 )  
214 B V A L  ( b , H , N )  8ETB (U)/ETB ( 6 1  * ( ,04+,06f iFLO~T (H-311 
2 15 182 HVAL t l Q , t l , K ) ~ E T @ l 5 )  / E T B t l 0 ]  * (q04 t ,Q16*FLO~T(H-3 ) )  
21b 30 184 Kal,NBND 
2 17 D O  184 H'I,HX 
2 1 8  00 184 1.11 I X  
2 1 9  1F ( B V A L ( I , H , K )  ,GEq@m] COT0 184  
22f l  G V A L ( I , F I K l ~ @ o  
ZL1 1AU CdNTINUE 
222 C 
223 V t l r i ) . m ? l  
224 V t2,t l Ism.5 
225 D n  5 4 8  183,512 
226  00 550 J84 ,b  
227 !j5D v (1 ,J I .  [ A F ( J - 3 1  I - ~ ) - A R ( J w ~ ~  1 -2 ) ) *10 , *ETA(X I  
228  548 v ( I , ~ ) ~ V ( I , ~ I  
229  3 ( ~ , 5 l ~ E l ' A [ 4 1 * A F  ( t l , ? l * iQO 
230  ~(4,6)~-ETA(4I*AR(3,2]*10~ 
231  C 
232 n o  i u b  ~ m l , 4 , 3  
233  C ~ ~ C l , L l + 1 9 2 ,  
230 6 4 P ( 3 r L ) . 2 B ' J ,  
235  C 4 P ( a , L l ~ Z b 4 o  
236 l U b  C A P ( b t L I ~ 2 ~ S ~  
237 D O  14R L.i?,5,3 
238 CAP( l rL ) .384,  
239 CAP(SrL IaYB0,  
240 CAP /4,L).S28, 



2 4 1  1 4 8  CAP(brLIm354e 
2 4 2  C U R  (2131  m74.4 
243 CLJR[5,3)m30,3 
244 C I I R ( I V J , ~ I ~ ~ ~ ~ I  
?u5 C ~ R [ 1 1 1 3 1 ~ 1 " e ~  
244 CUR ( 2 , 6 1 8 4 0 r 3  
247 CUe(5 ,6 )815r4  
2 4 8  C U R l l @ r 6 ) 8 9 e 9  
209 C ~ R ( l 1 , b ) m U r Y  
250 C U f ? ( 2 r ? l ~ Q l r 9  
25 1  C U R C ~ ~ ~ ) ~ U D ~ ~  
252  c u a t i e , 7 1 ~ 2 7 , 3  
253 C l l R t l l r 7 1 8 1 7 r 6  
2 5 4  % 
255 00 150 L 8 3 r b r 3  
256  CAP(S,L)82PQe 
257  C A ? [ l ~ , L ) 8 2 7 8 ,  
2 5 8  15J C A P ( l 1  pL1820e 
259 C A P  ( S t 7  I t 3 7 b e  
260 CAP(18,7lm379e 
26 1 C ~ ~ ( 1 1 1 7 1 8 I Q 2 r  
2b2 C 
263 00  544 Im1,J 
264 [iO 5 4 6  J l Z , 4  
265 u ( ~ ~ ~ ~ J ~ ~ ~ ~ ~ * ~ T A ~ I + ~ ) * U F ( J ~ ~ ~ ~ I  
266 54h U ( ~ , T , J I ~ - I ~ , * ~ T A ( I + ~ ~ * O R ( J ~ ~ I I ~  
267 ~ ~ t l , I , l ) ~ U ( l t I ~ ~ l  
268 544 u [ ~ , I , ~ I ~ U ( ~ , I I Z I  
269 C 
270  C PRO8LEM NAME 
271  C 
272 U R I T E  ( b r 2 9 8 )  PNAME 
273 C 
274 C R O k  - IDENTIPICATION 
2 7 5  C 
276 W R I T E  [h,2mi?I 
277 k R X T E  (6 ,212)  
2 7 8  D O  300  Jml,JX 
2 7 9  i ? ~  3 8 ~  Y ~ I , H X  

280 I F  (J,Lt,2,PN!leHeN~,HX1 GOT0 300 
28 1  N Q I T E  I b p 2 1 4 1  R T P C J I  rCSIRS(J1,H 
282  3 P s  CQNTINLjE 
2 ~ 3  00 302 L.L,LX 
280 00 3 0 2  H.l,hX 
285 & R I T E  (6,2161 L~MNIIILIH 
2 8 6  3 e z  CONTINUE - 
2 8 7  UO 3676 H81,HX 
288 386 WRITE (6,2141 GIDI,ORGN,H 
289 C 
290 DO 312 1.11 I X  
2 9 1  DO 312 L81,Lx 
292 DO 312 H a l , H X  
293 I F  ( L C ( J , L ~ I  G O T O  312 
a94  RITE (6,2441 UT,I,L,H 
295 3 1 2  CONTINUE 
296 DO 304 111, I X  
297 D O  304 H B ~ ~ H X  
2 9 8  00  560 L81,LX 
299 I F  ( , N O T , L C ( I ~ L ~ ]  G O T O  562 
300 5 6 0  CONTINUE 



301 GOTO 304 
302 5 6 2  h R I T E  ( 6 , 2 6 @ )  AGPC,I,tI 
383 3 8 4  CONTIhUE 
3614 00 3 1 Q  Iz1,IX 
3(65 D O  31@ Hm1,HX 
3 0 6  DO 564 L.lrLX 
307 IF (,NOT,LC(T,LI) G @ T O  566 
308 S h 4  CONTINUE 
309 G O T 0  3 1 3  
31@ 56b WRITE ( 6 , 2 6 0 )  AGDP,ItH 
31 1 310 CUNTINLJE 
312 t 
313 C B P  COLUMNS OISAGGREGATED 
314 i: 
3 15 U R I T E  (6,2941 
3 1 b  C 
317  00 530 I.1,IX 
318 D O  530 Ls1,LL 
319 DO 530 Hm1:HX 
320 I F  (LC(1 ,Lll G O T O  530 
321 M R J T E  ( 6 , 2 2 9 )  DP,I,L:HIAGDP:I~H,AS 
322 QyrBETA**(lB*H-ITAU-5]*CAP(ItLI*10. 
323 IF CtI,GT .#X-31 Qw.Qw*ci ,-BETA** (lB*CHX-H+l~lI 
324 N R I T E  (6,2181 DP,I,LIH:QW 
325 ~ t c Y + 3  
326 IF (Y+3,GTmYX) HImHY 
327 UO 532 W i m H t M I  
328 5 3 2  WRITE (6,2421 U P : I ~ L : # ~ U T ~ I ~ L ~ H ~ ~ F C ( H I ~ H + ~ I  
329 530 CONTINUE 
330 C 
331 C DP a COLUMNS AGGRCGbTED 
332 C 
335 00 534 I.1,fX 
334 DO 534 H ~ ~ , H X  
335 UO 5 5 6  L8l:LX 
336 I F  [,NOT~LC(I~LII GbTO 598 
337 5 5 6  C O N T I N U E  
338 GOTO 534 
339 5 5 R  WRITE ( 6 , 2 5 6 )  DP,BK(I)tH,AGDP,I,Hfl 
JUQ I F  (I,LT.3,OReIaGTg51 G O T 0  534 
3 4 1  H 1 BY+ I?  

342 I F  [H+i?,GT,YXl # l . H x  
3 4 3  DO 536 HI.H,Hl 
344 DO 536 J m S , J N  
345 IF tu€lrI-2, J-2)) 538,53b1538 
346 5 3 8  U R I T E  (6,226) ~ P , B K [ I ) ~ H ~ C S ~ R ~ ( J ) , H I ~ U ~ l ~ I ~ 2 ~ J ~ 2 ~  
347 536 CONTINUE 
348 H I  mH+3 
349 IF (HI.GT,HX) GOTO 534 
350 540 H~.HI,HX 
351 DO 540 J83,Jx 
352 
353 IF (HT) 542,54@,542 
354 s o 2  N R I T E  (b:226) D P p B U  (11 ,H:CS,RS[J) ,HI,HT 
355 5Ud C O N T I N U E  
356 5 3 U  C q N f  XNlJE 
357 C 
358 C I h I T I A L  CONDITION COLUMNS 
359 C 
3hVl n0 2 La1:LX 
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4 2 1  C RIGMT HAND S I D E  
4 2 2  C 
4 2 3  WQITE ( 6 , 2 0 6 1  
4 2 4  D O  1 9 2  Km1,NRHS 
4 2 5  00 186 Lm1,LX 
4 2 6  D O  1 8 6  Hm1,HX 
4 2 7  186  W R I T E  ( 6 , 2 5 8 1  f i ,DMNbpLpHrDMIL ,H I  
4 2 8  00 1 9 0  I.?:Z 
4 2 9  1 9 8  w 8 I T E  ( 6 : 2 3 b )  ~ ~ P C S , B K ( L I , H X I H P [ I , K )  
4 3 3  D O  192 H m i r H X  
4 3 1  tlT.2, 
4 J?  1 Q Z  4 Q I T E  ( 6 , 2 3 6 1  * , C S , R S ( ~ ) , H , H T  
4 3 3  : 
434 C t3OUNDS SECTION 
4 3 5  c 
4 3 6  N R I T E  ( 6 , 2 0 8 )  
4 3 7  00 A Km1,NHND 
4 3 8  D O  1 7 4  I m 1 , I X  
4 3 9  00 1 7 4  Hm1,hX 
4 4 0  I F  ( L u @ ( I ) I  GOTO 1 7 4  
0 4 1  HTmFX 
4 4 2  I F  ( B V A L  [ I , H : K I ~ G T ~ O ~ ]  HTaUP 
4 4 3  M R I T E  ( b 1 2 5 8 1  H T , K , b P , d K ( I )  ,H ,BVAL( I ,H ,K I  
U 4 4  1 7 4  C O N T I N U E  
4 4 5  C 
4 4 6  UO 4  L m l r L Y  
4 4 7  D O  4  n = 1 , 3  
4 4 8  H1.H-3 
4 4 9  a N R I T E  [ b , 1 8 i J I  F X , K , D P , P D ( L ) , L , H ~ , D E P ~ L I H )  
4 5 0  6 COKTINUE 
4 5 1  C 
4 5 2  WRITE (b:1?10I  
4 5 3  c 
4 5 4  S T O P  
4 5 5  1 P Z  FflRMAT ~ T 5 p A 2 , A 2 , 1 1 , ~ 2 ~ T l Q , A ~ , 3 I Z , T Z S ~ ~ l Z ~ 5 I  
4 5 6  I @ U  F O R M A T  (1x ,A2 ,4H  B~D~Il,bX,A2fA2,11~12~3X,F12.5) 
457 ??I$ F O W Y A T  ( ~ H N A M E , I ~ N , A I Q )  
4 5 8  2 U 2  F O R M A T  (UHROkS) 
459 FORMAT [ ~ H C O L U M N S )  
4 6 0  2 P b  F O R M A T  ( 3 H R H S l  
4 6  1 2 U P  F O S M A T  (6HBOUN89)  
4621 2 1 2  FORMAT (bWENDATA) 
463 2 1 2  FgRMAT ( 2 H  N , ~ X , ~ H C O S T )  
U b U  2 1 U  FOHYAT ( 1 X I A l p Z X , A I ? , A 4 1 1 Z )  
465 2 1 0  FORYAT (244 G F ~ ~ ~ A ~ : ~ J ~ )  
4 6 6  2 1 5  FORMAT ( U X , A 2 ~ 5 1 2 , 2 ~ , 4 ~ C 0 9 T , b X ~ F l i ! ~ S I  
4 6 7  229 FORMAT t~X,A2pJI2,2X,A4,212,ZX,Fl2nsI 
4 6 8  22% F O R M A T  ( ~ X , A ~ , P Q , I ~ , ~ X , A ~ , A ~ , I ~ , ~ X , F ~ ~ . S )  
4 6 9  2 3 U  FOPMAT ( 4 Y , b H A ~ ~ U # C , I 2 , Z X : 4 H C O S T , b X ~ F 1 2 n S )  
4 7 0  3 3 3  FORMAT (4%,3HR~3,11,bX,A2tA4,1212X,F12tS) 
4 7 1  230 FORMAT ( ~ X ~ ~ ~ R ~ S , Z I ~ ~ X I A ~ , ~ ! I ~ , ~ X , F ~ Z ~ ~ I  
4 7 2  2 4 2  FOAMAT ( 4 Y , P 2 ~ 3 1 2 , 2 X , A 2 : 3 1 2 , 2 X , F l C , 5 l  
4 7 3  2 4 4  F O R M A T  ( 2 H  G,2X,A2,3121 
4 7 4  256 FORMAT [ Y X ~ A ~ : A ~ , I ~ , ~ X I A ~ , ~ I ~ , ~ X ~ F ~ ~ . ~ I  
4 7 5  258 FORMAT ( i X , A 2 , 4 H  B ~ D P I ~ , ~ X , A Z , L ~ , I Z ~ Z ~ ~ F ~ Z ~ ~ I  
4 7 6  26P FORMAT ( 4 H  E : A 4 : 2 1 2 )  
47  7  EN!) 
4 7  8 END O F  RECORD 
479 I rJPUT 3 
4 8 0  S E T  L C l J S E p l  1 



S E T  1 1  

S E T  1 2  

b A S 1 5  

9 s  

END OF 

SET 
P E R F O R M  
SELECT 
SET 
PERFORM 
P R I M A L  
B A ~ I S O U T  
OUTPUT 
3 TE P 
TEST  
B R P h l C H  
E K I T  
S E T  
S E T  
SET 
SET 
T I T L E  
NEXT 
S E T  
T I T L t  
N E X T  
S E T  
T I T L F  
N E X T  
SET  
T I T L E  
tdEXT 
C R A S h  
N E X T  
e A S I S I N  
NEXT 

F I L E  

L B Q A N C H  L C U S E R I  
S E T  1 1  S E T  1 2  SET 13  SET 1 4  

K"JDZH M I N  
A N O P J  COST 
)rtvdhlD BNO l 
6 N R w S  R H S l  
R S  8.1.41d BASE CASE 

6 N R H Q  RHSU 
H S  84l.la0 BASE CASE 




