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ABSTRACT 

 his report compares f ive  major .long-term forecasts  prepared 
under similar assumptions by: 

Professor George Dantzig's PILOT Process Inte- 
grated ~ o ' d e l / ~ e l f a r e  Equilibrium Model +system 
(PILOT) ; 

Professor Alan S. Manne's ETA-MACRO energy- 
- economy model system; 

The combined Brookhaven National ~ a b o r a t o r y / ~ a l e  
W. Jorgenson Associates (BNL/DJA)  energy-economy 
model system; 

The FOSSIL2 energy 'model operated by- the  Office 
of Policy and Evaluation in  the Department of 
Energy ; 

3 

The Long-range Energy Analysis Package energy. 
model ARC-78 ( L E A P ) ,  operated by the Energy 
Information Administration in  the Department of 
Energy. 

After summarizing the method of preparation of each fore- 
cas t ,  the report compares the resu l t s  in d e t a i l  and explains 
the  differences both in  terms of data assumptions and 
methodological approach. 
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EXECUTIVE SUMMARY 

The Energy Information Administration is  required by Con- 
gress t o  present an annual range of energy projections sum- 
marizing l ike ly  outcomes of a l te rna t ive  energy, economic, 
and demographic scenarios. 

This report '  compares f ive long-term projections of the  U.S. 
energy s i tua t ion  for a single common scenario. Recogniqing 
tha t  d i f fe rent  au thor i t ies  have d i f fe rent  views of the same 
s i tua t ion ,  t h i s  report presents the projections and attempts 
t o  uncover the reasons for differences.  

The study was coordinated by Brookhaven National Laboratory 
under the direct ion of D r .  Andy S.  Kydes. The experimental 
design included preparation of a standardized s e t  of assump- 
t i o n s  based upon the ongoing and independent forecasting 
exercises by the Energy Information Administration and the 
Policy and Evaluation Offices i n  the U . S .  Department of 
Energy. 

These standardized assumptions' were u t i l i zed  by the other 
modeling groups t o  prepare, i n  a l l ,  a t o t a l  of f ive  projec- 
t ions .  

Several major conclusions dominate the comparison of the a l -  
ternat ive projections of the evolving U . S .  energy and econo- 
mic systems. There is  continued posit ive growth in  t o t a l ,  
primary energy consumption despite the continuous escalation 
of the r ea l  prices of primary resources. Though the levels  
and patterns .of growth d i f f e r  among the projections,  there 
i s  no evidence of an asymptotic upper l i m i t  for  primary 
energy consumption through the f i r s t  quarter of the next 
century. From the projections,  there is  a l so  the 
implication tha t  l iquids  const i tute  both a ' shor t -  and long- 
term energy problem for the United States .  In the FOSSIL2 
and PILOT estimates, o i l  imports continue t o  provide a sig- 
n i f i can t  f ract ion ,of the t o t a l  l iquids demand t o  the end of 
t h e i r  respective time horizons. ETA-MACRO projects  the 
disappearance of imports by 2020 with the increased penetra- 
t ion of a "backstop" technology which i s  priced competi- 
t i ve ly  with o i l  and gas imports. As the non-electric back- 
stop i s  not spec i f ica l ly  ident i f ied  and as it i s  projected 
t o  be a s igni f icant  component of t o t a l  primary energy, i t s  
presence amplifies the l iquids  and, perhaps, even the import 
problem. Only in  the BNL/DJA and 'LEAP projections are o i l  
imports replaced by energy from ident i f iab le  domestic re- 
sources and technologies. However, the sporadic reappear- 
ance of imports i n  the BNL/DJA projection suggests tha t  the 



l iquids  balance between the growth i n  domestic demand and 
the growth potent ia l  of domestic supply is  tenuous. I n  the 
context of the future growth, s t ructure ,  and s t a b i l i t y  of 
world o i l  markets, none of these projections can be viewed 
a s  especially comforting. 

Another prominent feature of these projections i s  the pre- 
dic ted role  of e l e c t r i c i t y  in  the energy system. The models 
estimate the growth of e l e c t r i c i t y  generation t o  be i n ,  the 
rang; of 2.5 t o  3.1 percent per annum over the long-run. 
Although t h i s  projected growth is  moderate by h i s t o r i c a l  
standards, an increasing fract ion of t o t a l ,  primary energy 
consumption is  devoted t o  providing e l e c t r i c i t y .  I t  i s  pro- 
jected t h a t ,  through 2020, the long-term s h i f t  toward the 
increased central izat ion of the energy system w i l l  slow but 
w i l l  not reverse. 

The share of e l e c t r i c i t y  generation provided by nuclear 
power increases continuously over the .time horizons 
considered for  each model. I n  the pre-'2000 period the 
growth of nuclear power exceeds the growth of t o t a l  e l e c t r i -  
c i t y  generation with the resu l t  t h a t ,  by 2000, nuclear ener- 
gy inputs a re  estimated t o  account for one-quarter t o  .one- 
th i rd  of t o t a l  e l e c t r i c  inputs. This d i f f e r e n t i a l  growth 
continues a f t e r  2000 i n  the FOSSIL2, ETA-MACRO, and LEAP 
projections . However, i n  the BNL/DJA post-2000 estimates, 
nuclear power grows only s l igh t ly  fas te r  than e l e c t r i c  gen- 
erat ion,  as i t s  allowable penetration was constrained to  re- 
f l e c t  the pat tern of growth for the period 1990 t o  2000 i n  
the  E I A  case specif icat ion.  Finally, the projections indi- 
ca te  an increased rel iance on domestic coal resources for 
d i r e c t  combustion, synfuels production, and e l e c t r i c  genera- 
t ion .  Although the d e t a i l s  of coal consumption and conver- 
sion vary among the estimates, there are marked s imi la r i t i e s  
i n  the trends and even the levels  of coal consumption pro- 
vided by the models. 

'l'he trends,  enumerated above, are  sufficieri t ly " r o b u s ~ L i '  
amonq the projections t o  appear not influenced by the pa r t i -  
cu lar ,  s t ruc tu ra l  representations of the energy and economic 
systems i n  each of the models. However, cer ta in  fundamental 
differences e x i s t  in the d e t a i l s  of these projections which 
are  a t t r ibu tab le  t o  dif fer ing model structures a1.d which are  
of major consequence t o  public policy. 

The timing and growth of the synfuel industr ies  d i f f e r  
grea t ly  among the projections. To the year 2005 the e s t i -  
mated trends of market penetration are paired- ETA-MACRO, 
PILOT, and LEAP versus FOSSIL2 and BNL/DJA. After 2005 
ETA-MACRO and LEAP follow a similar path while FOSSIL2 and 
BNL/DJA form d i s t i n c t  trends. ETA-MACRO and FOSSIL2 project  

x i i  



a  c o n t i n u a t i o n  o?  t h e  t r e n d s  e s t a b l i s h e d  f o r  p rev ious  t i m e  
p e r i o d s .  In  t h e  BNL/DJA p r o j e c t i o n ,  t h e r e  a r e  i n f l e c t i o n  
p o i n t s  i n  t h e  t r e n d  l i n e  due t o  t h e  temporal  and s t a t i c  
energy-economy i n t e r a c t i o n s ,  a s  t hey  a f f e c t  energy demand 
and supply ,  and t o  t h e  market p e n e t r a t i o n  a lgo r i t hm i n  t h e  
BNL model. Most impor t an t ly ,  t h e  d i f f e r e n c e s  i n  t h e  
e s t i m a t e s  o f  s y n f u e l s  p roduc t ion  a c t i v i t y  are r e l a t e d  d i -  
r e c t l y  t o  t h e  c h a r a c t e r i s t i c s ,  both  e x p l i c i t  and i m p l i c i t ,  
o f  market p e n e t r a t i o n  provided by each methodology. 

There i s  s u b s t a n t i a l  v a r i a t i o n  i n  t h e  a b i l i t i e s  t o  incorpor -  
a t e  and,  hence,  e s t i m a t e  t h e  d e t a i l s  o f  energy end-use i n  
t h e  a l t e r n a t i v e  methodologies.  Indeed, of t h e  f i v e  models 
chosen f o r  t h i s  e x e r c i s e ,  t h r e e  (LEAP, PILOT, BNL/DJA) pro-  
v ide  such d e t a i l  b u t  comparisons of  t h e s e  p r o j e c t i o n s  and 
methodologies a r e  f r u s t r a t e d  by d i f f e r e n c e s  i n  account ing  
convent ions  and technology c h a r a c t e r i z a t i o n s  ( e f f i c i e n c i e s ,  
c o s t s ,  e t c . ) .  

The models d i f f e r  i n  t h e  e x t e n t  knowledge of t h e  f u t u r e  i s  
assumed and employed w i t h i n  each s t r u c t u r e  and i n  ' the  i n t e r -  
a c t i o n s  {energy-energy and energy-economy) which emerge from 
t h e  s t a t i c  and dynamic f u n c t i o n a l  r e l a t i o n s h i p s  conta ined  i n  

4 ' each system. Unfor tuna te ly ,  t h e  d i f f e r e n c e s  which appear  
i n  t h e  p r o j e c t i o n s  ( e . g . ,  t h e  growth o f  e l e c t r i c  and non- 
e l e c t r i c  energy demands, t h e  energy-GNP r a t i o s ,  e t c . )  cannot  
be  l i n k e d  c a u s a l l y  t o  one of  t h e s e  s t r u c t u r a l  d i f f e r e n c e s  i n  . 

i s o l a t i o n .  Rather ,  it is  t h e  s t r u c t u r a l  d i f f e r e n c e s ,  t aken  
a s  a  s e t ,  which provide  t h e  exp lana t ion  f o r  t h e  d i s p a r i t i e s .  
I t  i s  impor tan t  t o  no te ,  however, t h a t  much of t h e  p red ic -  
t i v e  power o f  any methodology is provided by t h e  c r e d i b i l i t y  
of  t h e  s e t  of  assumptions u n d e r l y i n g k i t .  

x i i i  



1. INTRODUCTION 

Analyses f o r  t h e  ARC o f  1977 involved t h e  use of  s e v e r a l  
shor t - te rm and mid-range models f o r  s e c t o r a l  and i n t e g r a t i v e  
assessments  o f  energy developments and t h e i r  economic and 
environmental  consequences. For t h e  long-term a n a l y s i s ,  t h e  
E I A  surveyed t h e  p r i n c i p a l  energy p r o j e c t i o n s  f o r  t h e  y e a r s  
beyond 1990 wi th  s p e c i a l  emphasis on t h e  year  2000. The 
energy p r o j e c t i o n s  re fe renced  i n  t h e  survey were s e l e c t e d  
because t h e y  provided a  range o f  a l t e r n a t i v e ,  y e t  p re -  
v a i l i n g ,  long-term views. As t h e s e  p r o j e c t i o n s  were p r e d i -  
c a t e d  on fundamentally d i f f e r e n t  methodological  r ep re sen ta -  
t i o n s  o f  t h e  energy (energy-economy) system, t hey  embodied 
and r e f l e c t e d  t h e  major u n c e r t a i n t i e s  which c h a r a c t e r i z e  t h e  
f u t u r e  and, hence,  any f o r e c a s t .  Although t h e s e  p r o j e c t i o n s  
were i n t e r n a l l y  c o n s i s t e n t ,  t h e r e  was no common b a s i s  upon 
which t o  compare a l t e r n a t i v e  long-run f o r e c a s t s  o r  t o  r e l a t e  
t h e  long-run views t o  t hose  f o r  t h e  s h o r t e r  term. 

The a n a l y t i c a l  e f f o r t s  f o r  t h e  ARC o f  1978 have been des ign-  
ed and organized  t o  permit  dynamic and s t a t i c  comparisons 
among va r ious  long-term p r o j e c t i o n s .  S p e c i f i c a l l y ,  ana lyses  
were conducted us ing  f i v e  long-run energy o r  energy-economy 
system models. These were: 

S tanford  U n i v e r s i t y ' s  PILOT Process I n t e -  
g r a t e d  ~ o d e l / ~ e i f a r e  Equi l ibr ium Model sys -  
t e m  (PILOT o r  PPIM/WEM); 

Alan S. Manne's ETA-MACRO energy-economy 
model system; 

The combined Brookhaven Nat iona l  ~ a b o r a t o r y /  
Dale W. Jorgenson Assoc ia tes  (BNL/DJA) 
energy model system; 

The FOSSIL2 (1978) energy model ope ra t ed  by 
t h e  Of f i ce  o f  Po l icy  and Eva lua t ion ,  Depart- 
ment of  Energy; 

The Long-range . Energy Analysis  1 Package 
energy model ARC-78 ope ra t ed  by t h e  Energy 
Informat ion Adminis t ra t ion ,  Depar.tinenL 01 
Energy. t 

The E I A  provided a  d e t a i l e d  s p e c i f i c a t i o n  of  t h e  under ly ing  
economic and energy c o n d i t i o n s  t o  be adopted f o r  t h e  ARC a s -  
sessment.  . These c o n d i t i o n s  can be ca t ego r i zed .  i n  terms of  
economic and demographic assumptions,  environmental  stan- 
d a r d s ,  key energy p r i c e  ' and p r i c e - p o l i c y '  assumptions ,  and 



technology characterizations and penetrations. From t h i s  
specif icat ion,  the par t ic ipants  selected the minimal subset 
of assumptions necessary for t h e i r  models while maintaining 
consistency with EIA's basic guidelines. . The objective was 
t o  es tabl ish a  s e t  of assumptions with suf f ic ien t  commonal- 
i t y  t o  permit comparison among the a l te rna t ive  projections 
yet  with suf f ic ien t  discretionary f l e x i b i l i t y  t o  insure tha t  
the projecti.on was primarily the product of the model spon- 
sor  or organization. 

Given ehe nature and magnitudes of the uncertainties i n t r i n -  
s i c  t o  any long-run, energy-economy projection,  the focus of 
the  E I A  i n  t h i s  exercise is  the determination of :  ' 

Rttxiirlable patterns of future en6rgy supply 
conversion, and end-use which, i n  t u r n ,  are 
conditional on the interact ions  of the as- 
sumptions and the a l te rna t ive  s t ruc tu ra l  
views of the energy and economic systems; 

The combined influences of the assumptions 
and the models' s t ructure  and content on the 
r e su l t s  obtained. 

This report summarizes the major conclusions of the ARC Sup- 
port  Study. I t  contains a  brief  description of each model 
and elaborates those s t ruc tura l  and behavioral features 
which most s igni f icant ly  influence the nature of each pro- 
jection.  Also presented are  the long-term pro jections from 
each model. The descriptions and comparisons of the a l t e r -  
native solutions from each of the model systems are reported 
i n  .terms of the s t ruc tu ra l  aspects of each model and t h e i r  
implications for the r ea l  world. 



2 .  ENERGY SYSTEM MODEL DESCRIPTIONS AND 
FEATURES WHICH INFLUENCE RESULTS 

The FOSSIL2 Model System 

FOSSIL2, a sys tems dynamics s imu la t i on  model, was ' deve loped  
by t h e  Dartmouth Systems Dynamics Group, under D r .  Roger F.. 
N a i l l ,  t o  s e r v e  a s  a s imu la t i on  t o o l  f o r  e v a l u a t i n g  t h e  po- 
t e n t i a l  magnitude of  t h e  U.S. energy problem and t o  a s s e s s  
t h e  impacts  o f  v a r i o u s  energy p o l i c y  o p t i o n s  on the U.S. 
energy system. Systems dynamics models i n t e g r a t e  t h r e e  d i s -  
t i n c t  d i s c i p l i n e s  t o  ana lyze  s o c i a l  systems:.  

Feedback c o n t r o l  t h e o r y  ; 

O r g a n i z a t i o n a l  behav io r ;  and 

Computer s i m u l a t i o n  technology.  

The focus  o f  t h e  methodology a p p l i e d  t o  energy modeling i s  
t h e  r e p r e s e n t a t i o n  of  energy f lows and d e c i s i o n  making as a 
.feedback c o n t r o l  system. The i d e a  t h a t  s o c i a l  sys tems  ( i n -  
vo lv ing  human. d e c i s i o n  making p r o c e s s e s )  can  be modeled w i t h  
t h e  same t echn iques  as p h y s i c a l  systems i s  t h e  f o u n d a t i o n a f  
systems dynamics. Computer s i m u l a t i o n  t e c h n i q u e s ,  p5ovide  
the means t o  ana lyze  complex n o n l i n e a r  sys tems.  

FOSSIL2 [4] i s  a dynamic, d i s e q u i l i b r i u m  model o f  t h e  United 
S t a t e s '  energy sys tem which does n o t  assume t h a t  marke t s  
always f u n c t i o n  i n  an op t ima l  c o s t  minimizing manner. In- 
s t e a d ,  t h e  model i n c o r p o r a t e s  exogenous d e c i s i o n  r u l e s  
governing t h e  f low o f  inves tment ,  r e s o u r c e s ,  and energy- 
consuming goods. The mode.1 s t r u c t u r e  r e p r e s e n t s . a  c a u s a l  
t h e o r y  of  energy use  behav ior  and i s  des igned  t o  f u n c t i o n  as 
a p o l i c y  t o o l  f o r  ana lyz ing  p o t e n t i a l  energy problems.  The 
model is  i d e a l  f o r  a p o l i c y  environment because  i n  a d d i t i o n  
t o  the account ing  r u l e s  r e q u i r e d  t o  t r a c k  energy f low,  t h e  
model d i r e c t l y  r e p r e s e n t s  t h e  response  of  - c o r p o r a t e ,  f i n a n -  

. c i a l ,  and s o c i a l  i n s t i t u t i o n s  t o  t h e  e f f e c t s  of  the evo lv ing  
energy s i m u l a t i o n s .  

System dynamics models d e s c r i b e  a c t i v i t i e s  i n  t e r m s  o f  t f i r ee  
t y p e s  o f  v a r i a b l e s  e n t i t l e d  l e v e l s ,  rates, and a u x i l i a r i e s .  
A l e v e l  is  a s t o c k  v a r i a b l e  r e p r e s e n t i n g  t h e  q u a n t i t y  o f  an 
i t e m  such a s  o i l  a t  an i n s t a n t  i n  t i m e .  Levels  change w i t h  
t i m e  a t  a r a t e  s p e c i f i e d  by rate v a r i a b l e s  . .  F i n a l l y ,  aux- 
i l i a r y  v a r i a b l e s  are t h o s e  which r e l a t e  t h e  r a t e  varviables 
t o  o t h e r  v a r i a b l e s  i n c l u d i n g  exogenous v a r i a b l e s .  Mathe- 
m a t i c a l l y ,  FOSSIL2 cor responds  t o  a se t  o f  d i f f e r e n c e  



equations in which the levels are the state variables whose 
time rate of change is defined by the rate and auxiliary 
variables. 

Using difference equations to represent the state determined 
dyna_m_ic_)s of the system has an important implication relating 
to the Lheory of general economic equilibrium: the value of 
a level variable in a given time period can depend only upon 
values of level variables from previous and current time 
periods. This "state-determined" nature of systems dynamics 
models differs from the situation in general equilibrium 
mode-1% .-Hz-- -- whose mathematical structures permit optimization 
over current and future time. 

- - 
The FOSSIL2 model dynamically simulates the behavior of the 
energy system from 1950 through 2020, projecting gross and 
net production, fuel-specific demands, and prices. It por- 

- trays the growth in U.S. energy production and consumption 
(1950-1980), the peak and decline in domestic oil and gas 
production (1970-1980), and the transition away from rapidly 
depleting oil and gas to alternative energy sources (1980- 
2020). It is in this transition period that the U.S. faces 
the greatest problems of balancing total energy supply and 
demand. FOSSIL2 was developed as a tool to aid policymakers 
in assessing the outcome of different policy options on the 
U.S. energy system during the transition period and, thus, 
serves as a guide in designing a sound, unified, long-term 
energy strategy, 

Structure of FOSSIL2 

The future direction of the energy system is determined 
largely through the interaction of energy producers and con- 
sumers in markets. Government policies can also affect the 
system by changing the market mechanism of energy supply and 
demand. FOSSIL2 captures both the decision-making processes 
of producers, consumers, and major government policy levers 
within its structures. 

\ 

Figure 1 shows the basic interactions between energy produ- 
cers and consumers included in FOSSIL2. Energy consumers 
continually make decisions each year to utilize oil, gas, 
coal, or electricity based on both the price and availabili- 
ty of the fuels. Energy producers, in turn, choose to in- 
vest in the product that maximizes the industry rate of 
return (or minimizes the average cost of production), sub- 
ject to various constraints (e.g., environmental restric- . 
tions) and government policy. 

Both end-use consumption decisions and producers' investment 
decisions accumulate through time to determine the net 
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demand and production capacity for each fuel. If an imbal- 
ance develops between demand and capacity, energy prices 
will then adjust through market forces to .restore the bal- 
ance (in the absence of price regulation). 

FOSSIL2 does not assume instantaneous adjustment of energy 
* 

supplies and demands. It explicity represents the adjust- 
ment lags caused by the need to turn over energy producing 
and consuming capital stocks. Thus, for example, a sudden 
rise in the price of imported oil does not result in a sud- 
den reduction in imports because energy producers need time 
to 'develop alternative sources, build plants, and begin pro- 
ducing more energy. Likewise, energy demand does not res- 
pond immediately to rising prices because the demand for 
energy depends on capital stocks (goods which use energy) 
which cannot be abandoned at acceptable costs nor immediate- 
ly change to require less energy or different energy forms. 

In FOSSIL2 the energy system is divided into five sectors 
(Figure 2) : a demand sector and four production sectors 
(oil, gas, coal, and electricity) .. Each of the production 
sectors is further' subdivided into supply/demand balance., 
financing, and production subsectors. 

Given fuel-specific demands, the four production sectors try 
to meet the demands so as to maximize profits (or, identi- 
cally, by minimizing costs). As the demand for energy 
"flows" into a sector, the sector adjusts both its produc- 
tion rate (within the constraints of its production capa- 
city) and its price to try to meet that demand (supply/. 
demand subsector). 

1 

Over the long term, each sector adjusts its production capa- 
city to meet demand through investments in new facilities 
and technologies (financing subsector). However, the pro- 
duction sectors face several constraints in developing new 
capacity, including the availability of funds and construc- 
tion lags. In addition, environmental constraints and segu- 
latory policies can limit investment and prevent an industry 
from reaching an optimal production capacity and mix of 
technologies. 

Within each sector there is more t%an one way of producing 
the form of energy needed to meet the fuel-specific demand 
(production subsector). Oil can be produced from conven- 
tional wells, shale oil, coal liquids, or by enhanced recov- 
ery methods. The electricity sector can use up to 14 dif- 
ferent processes to produce electricity, including gas, oil, 
coal, nuclear, and renewable resources. Figure 2 shows 
the full range of energy supply technologies' included in 
FOSSIL2. As energy is produced and non-renewable resources 
are developed, FOSSIL2 assumes that the least expensive, ' 
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most e a s i l y - o b t a i n e d  p o r t i o n s  o r  the r e s o u r c e  ba se  a r e  con- 
sumed f i r s t ,  l e a v i n g  t h e  more c o s t l y  p o r t i o n s  f o r  f u t u r e  
use .  The model a l l o c a t e s  inves tment  among t h e  a l t e r n a t i v e  
p r o d u c t i o n  p r o c e s s e s  based on t h e  ' r e l a t i v e  c o s t s  o f  each 
t e chno logy .  

Demand 

The 1978 v e r s i o n  o f  FOSSIL2 g i v e s  a h i g h l y  aggrega ted  t reat-  
ment o f  energy  demand: The demand s e c t o r  c a l c u l a t e s  the 
t o t a l  end-use demand f o r  energy i n  the U.S., based on t h e  
movement o f  the g r o s s  n a t i o n a l  p r o d u c t  ( G N P )  and t h e  ave rage  
energy  p r i c e .  End-use demand i s  t h e n  broken down i n t o  
demand f o r  s e v e r a l  s p e c i f i c  forms of  energy--gas, o i l ,  c o a l ,  
e l e c t r i c i t y ,  and d e c e n t r a l i z e d  energy.  

I n t e r f u e l  u u b ~  t iLuLic r la  ie n~odeled e x p l i c i t l y  and i a  i n f l u -  
enced by t h e  a v a i l a b i l i t y  ( e . g .  , gab c u r t a i l m e n t s )  and t h e  
convenience  o f  t h e  f o u r  f u e l s - - o i l ,  g a s ,  c o a l ,  and e lect r i -  
c i t y .  I n  a d d i t i o n ,  s e c t o r - s p e c i f i c  d i f f e r e n a e s  i n  del ivered 
f u e l  p r i c e s  f e e d  back t o  i n f l u e n c e  t h e  i n t e r f u e l  s u b s t i t u -  
t i o n  p o s s i b i l i t i e s .  This demand s t r u c t u r e  l i m f t e  t h e  
mode l ' s  u t i l i t y  f o r  energy demand a n a l y s e s  i n  a number of 
ways t 

Demand i s  n o t  broken down i n t o  t r a n s -  
p o r t a t i o n ,  commercial,  r e s i d e n t i a l ,  and 
i n d u s t r i a l  energy usage c a t e g o r i e s .  The 
n e t  e f f e c t  o f  s e c t o r a l  e n d - u s e . d e t a i l  i s  
p a r t i a l l y  cap tu red  i n  FOSSIL2 th rough  t h e  
u se  of  s a t u r a t i o n  p o i n t s  f o r  f u e l  s u b s t i -  
t u t i o n .  

a Though energy  p r i c e s  do f eed  back t o  a f -  
f e c t  GNP and energy demand/GNP, t h e  under-  
l y i n g  growth of  the  U . S .  economy is  exo- 
genous t o  the model. 

a The model can account  f a r  t e c h n o l o g i c a l  
d e t a i l s  suc'h a s  end-iise d e v i c e  c o s t s  and 
end-use convers ion  e f f i c i e n c i e s  o n l y  
by e x t e r n a l  a n a l y s i s .  

FOSSIL2 i s  a n a t i o n a l  energy model and,  
t h e r e f o r e ,  r e g i o n a l  energy p o l i c i e s  a r e ,  
w i t h  few e x c e p t i o n s ,  n o t  testable.  

T h e  energy  p r o d u c t i o n  s e c t o r s  a l s o  demand energy from each 
o t h e r .  S ince  e l e c t r i c i t y  c o n v e r t s  g a s ,  o i l ,  and c o a l  ( a s  
w e 1 1  a s  o t h e r  energy  s o u r c e s )  t o  e lec t r ica l  energy ,  t h e  
e l e c t r i c i t y  s e c t o r  must demand f e e d s t o c k s  from t h o s e  three 
p r o d u c t i o n  s e c t o r s .  S i m i l a r l y ,  s y n t h e t i c  ga s  and o i l  a r e  



produced from coal and, therefore, the oil and gas sectors 
will demand coal once synthetic conversion plants have been 
constructed in the model. Figure 3 shows.the composition of 
total demand for each fuel form.' 

In summary, FOSSIL2 is, essentially, a' supply model which 
provides a representation of energy flow from extraction to 
delivered end-product., including synthetic and .electrical 
conversion. FOSSIL2's structure includes modeling mechan- 
isms that allow for the' explicit representation of' oil and 
gas depletion, delays in market response, regulation, and 
exogenous -shocks to the energy system. Because it is. easy 
to'use, it is accessible, and it can handle a number of dif- 
ferent types of policy-options,  FOSSIL^ is very useful as a 
first-pass indicator of system behavior under varying con- 
ditions. 
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The PILOT Model Sys tem 1. - 
-. - 

The PILOT e n e r g y  model s y s t e m ,  i n i t i a t e d  by ~ r o f e s s o r ; 1 . ~ e o r g e ' -  
~ a n t z i g  a t  S t a n f o r d  U n i v e r s i t y ' s  ~ i s t e m  O p t i m i z a t i o n  ~ . a b o r a -  
t o r y  i n  1975 ,  p r e s e n t l y  h o u s e s  s e v e r a l  e n e r g y  mode l s .  Of 
t h e s e ,  two dynamic  ene rgy / economic  g r o w t h  mode l s ,  PPIM and-- 
W E M ,  were used  j o i n t l y  i n  t h i s  s t u d y .  The E I A  s c e n a r i o  
a s s u m p t i o n s  were f e d  t o  WEM,  an  economic  g rowth  model con- 
t a i n i n g  a  p r o c e s s  submodel  o f  e n e r g y  s u p p l y  and a  v a r i a b l e - - .  
c o e f f i c i e n t  i n p u t / o u p u t  i n d u s t r i a l  s y s t e m ,  which is d r i v e n -  
by  a h o u s e h o l d  welfare f u n c t i o n  o'f consumpt ion  and l e i s u r e  
t i m e .  WEM p roduced  a dynamic ,  economic  e q u i l i b r i u m  s o l u -  
t i o n .  The l a b o r ,  c a p i t a l ,  e n e r g y  i n p u t / o u t p u t  c o e f  f i c i ' e n t s  
of t h e  non-consumer s e c t o r s ,  and t h e  workweek h o u r s ,  a l l  i n  
t i m e  p r o f i l e  i n d i c e s  form, t o g e t h e r  w i t h  t h e  E I A  s c e n a r i o '  
a s s u m p t i o n s ,  were n e x t  f e d  t o  PPIM. PPIM is a l s o  an eco- 
nomic g r o w t h  ,mode l ,  w i t h  a  f i x e d  c o e f f i c i e n t  i n p u t / o u t p u t  
i n d u s t r i a l  sy s t em.  However, it c o n t a i n s  a more d e t a i l e d  
p r o c e s s  submodel  o f  e n e r g y  s u p p l y  t h a n  WEM. and y i e l d s  a 
d e t a i l e d  p h y s i c a l  f l o w  s o l u t i o n .  The shadow p r i c e s  o f  W E M ,  
t h e  ene rgy  supply/demand b a l a n c e s ,  and t h e  macroeconomic  
v a r i a b l e s  o f  PPIM are r e p o r t e d  a s  t h e  model s o l u t i o n .  

S t r u c t u r e  o f  t h e  PILOT P r o c e s s  I n t e g r a t e d  Model (PPIM) 

PPIM [21 , [ 5 ]  , [12 ]  , is an  i n p u t / o u t p u t ,  dynamic ,  economic  
g r o w t h  model l i n k e d  w i t h  d e t a i l e d ,  p r o c e s s  t y p e  submodels  o f  
e n e r g y  e x t r a c t i o n ,  c o n v e r s i o n ,  and s u p p l y  and o f  r e s i d e n t i a l  
and a u t o m o b i l e  e n e r g y  s e r v i c e s  consumpt ion .  PPIM is a  tool 
f o r  a s s e s s i n g  l o n g - t e r m  ene rqy / economic  o p t i o n s  o f  t h e  U.S. 
and fo r  e v a l u a t i n g  new e n e r g y  p r o d u c t i o n  and c o n s e r v a t i o n  
t e c h n o l o g i e s .  The ' i n p u t  i n f o r m a t i o n  r e q u i r e d  f o r  t h e  model 
c a n  be g rouped  i n t o  s i x  c a t e g o r i e s :  

P o p u l a t i o n ,  labor f o r c e ,  and labdr p ro -  
d u c t i v i t y  p r o j e c t i o n s ;  

P r o j e c t e d  non-energy  sectors i n p u t / o u t p u t  . 

c o e f f i c i e n t s ;  

e R e s o u r c e  b a s e s  f o r  o i l ,  n a t u r a l  g a s ,  
u r an ium,  and e a s t e r n  and w e s t e r n  coal i n  
q u a n t ' i t i e s  and e x t r a c t i o n  costs; 

Energy i m p o r t  p r i c e s ;  

Costs and  e f f i c i e n c i e s  o f  e n e r g y  con- 
v e r s i o n  and  d e l i v e r y  s y s t e m s ;  



. u p p e r  bounds  t o  r e p r e s e n t  e n v i r o n m e n t a l ,  
t e c h n o l o g i c a l ,  and  p e n e t r a t i o n  restr ic-  
t i o n s  on g rowth  o f  e n e r g y  t e c h n o l o g i e s .  

PPIM is  a  t ime -phased ,  l i n e a r  programming model o f  a  s i n g l e  
r e g i o n  which o p t i m i z e s  o v e r  a p l a n n i n g  h o r i z o n s  o f  up to 1 0 0  
y e a r s ,  b e g i n n i n g  i n  1973 .  The p l a n n i n g  h o r i z o n  must  be p a r -  
t i t i o n e d  i n t o  i n t e g e r  m u l t i p l e s  o f  f i v e  y e a r s .  Given  popu- 
l a t i o n ,  w o r k f o r c e ,  and  l a b o r  p r o d u c t i v i t y  p r o j e c t i o n s ,  t h e  
model  c a l c u l a t e s  t h e  p r o j e c t e d  economic  g r o w t h  which maxi- 
m i z e s  a  l i n e a r  o b j e c t i v e  f  u n c t i o n .  U s u a l l y ,  t h e  o b j e c t i v e  
f u n c t i o n  u sed  is t h e  d i s c o u n t e d  sum o f  p e r s o n a l  consumpt ion  
o v e r  t h e  t i m e  h o r i z o n  o f  t h e  s c e n a r i o  r u n .  Economic ac t i -  
v i t y  is r e p r e s e n t e d  by sectors: t w e l v e  p r o d u c i n g ,  s e v e n  
non-energy ,  and f i v e  e n e r g y .  The e n e r g y  sectors are modeled 
t h r o u g h  a d e t a i l e d  d e s c r i p t i o n  o f  raw e n e r g y  e x t r a c t i o n  and 
c o n v e r s i o n  p r o c e s s e s  i n c l u d i n g  e x h a u s t i b l e  and  r e n e w a b l e  
r e s o u r c e s  and e x i s t i n g  and new t e c h n o l o g i e s .  The i n p u t s  f o r  
p r o d u c i n g  t h e  non-energy  sectors are c h a r a c t e r i z e d  by f i x e d  
i n p u t - o u t p u t  c o e f f i c i e n t s  , i n c l u d i n g  l a b o r  and non-compet 1- 
t i v e  i m p o r t s .  ~ h e s e '  c o e f f i c i e n t s  f o r  e a c h  o f  t h e  time per- 
i o d s  mus t  be  p r o v i d e d  e x o g e n o u s l y .  The GNP o f  e a c h  p e r i o d  
is d i v i d e d  e n d o g e n o u s l y  be tween  c a p i t a l  f o r m a t i o n ,  f o r  
r e p l a c i n g  r e t i r e d  c a p a c i t y ,  c a p a c i t y  e x p a n s i o n ,  and consump- 
t i o n  t h a t  p r o v i d e s  t h e  n a t i o n ' s  c u r r e n t  s t a n d a r d  o f  l i v i n g .  
I m p o r t s  c a n n o t  e x c e e d  t h e  a v a i l a b l e  r e v e n u e  f rom e x p o r t s  i n  
a n y  f i v e - y e a r  p e r i o d .  Consumer ' s  demands f o r  g o o d s  and 
s e r v i c e s  i n c l u d i n g  e n e r g y  s e r v i c e s  are d e s c r i b e d  by l i n e a r  
f u n c t i o n s  of p o p u l a t i o n  and p e r s o n a l  income. The a b i l i t y  o f  
consumer s  t o  se lec t  r e s i d e n t i a l ,  end-use  e n e r g y  systems o f  
different  types and a f f i c i e n c i c a ,  t o  i n ~ u l a t e  homes, and t o  
select  d i f f e r e n t  a u t o m o b i l e  p r o t o t y p e s  is modeled t h r o u g h  
t h e  p r o c e s s - t y p e ,  consumer s  end-use  submodel .  F i g u r e  4 
shows  a  s c h e m a t i c  d e s c r i p t i o n  o f  t h e  l i n k a g e s  w i t h i n  PPIM. 

O u t p u t  V a r i a b l e s  

Economic o u t p u t  d a t a  i n c l u d e s  t h e  macroeconomic a g g r e g a t e s  
o f  c o n s u m p t i o n ,  c a p i t a l  f o r m a t i o n ,  gove rnmen t  e x p e n d i t u r e s ,  
i m p o r t s ,  e x p o r t s  as w e l l  a s  i n d u s t r i a l  p r o d u c t i o n  and f a c t o r  
r e t u r n s .  

E n e r g y  o u t p u t s  i n c l u d e :  o i l  and g a s  d r i l l i n g ;  r e s e r v e  a d d i -  
t i o n s  and p r o d u c t i o n ;  e a s t e r n  and w e s t e r n  coal p r o d u c t i o n  
and  t r a n s p o r t a t i o n ;  u r an ium m i n i n g  and  m i l l i n g  and s t o c k s  
o f  n u c l e a r  m a t e r i a l s ;  new, e n e r g y  t e c h n o l o g i e s  i n t r o d u c t i o n  
and  o u t p u t  l e v e l s ;  e l e c t r i c i t y  p r o d u c t i o n  by t y p e  o f  ':powe$ 
p l a n t ;  f u e l s  u sed  by  t y p e  o f  c o n v e r s i o n  p r . oce s s ;  ' f u e i s '  con- 
s u m p t i o n  b y  e a c h  sector o f  t h e  economy; e n e r g y  i m p o r t s  and 



Figure  4 Main Linkages o f  the PPIM Model 
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e x p o r t s ;  e x i s t i n g  and new c a p i t a l  s t o c k s  o f  a l l  e n e r g y  ex- 
t r a c t i o n ;  c o n v e r s i o n  and  d e l i v e r y  s y s t e m s  and t h e i r  u t i l i -  
z a t i o n  f a c t o r s ;  e l e c t r i f i c a t i o n ;  coal u s e  i n  u t i l i t i e s ,  in -  
d u s t r y ,  and  s y n t h e t i c  f u e l  p r o d u c t i o n ;  r e s i d e n t i a l ,  t r a n s -  
p o r t a t i o n ,  and i n d u s t r i a l  e n e r g v  consumpt ion  by sector and 

, t y p e  o f  f u e l ;  c u m u l a t i v e  and added  c a p i t a l  s t o c k s  o f  res i -  
d e n t i a l  end -use  e n e r g y  s t o c k s  and a u t o m o b i l e s ;  new homes 
i n s u l a t i o n  l e v e l s ;  f u e l s  consumpt ion  by t y p e  o f  r e s i d e n t i a l ,  
end -use  e n e r g y  . sy s t em and  e n e r g y  s e r v i c e ;  a u t o m o b i l e  f u e l  
c o n s u m p t i o n  and e f f i c i e n c y  l e v e l s .  

F i g u r e  5 i s  a s c h e m a t i c  f l o w  c h a r t  o f  t h e  e n e r g y  e x t r a c t i o n ,  
c o n v e r s i o n ,  and s u p p l y  submodel  o f  PPIM. I t  i n d i c a t e s  t h e  
areas  where  t e c h n i c a l  c o e f f i c i e n t s  are d e f i n e d ,  e . g . ,  exp lo -  
r a t i o n  and p r o d u c t i o n  o f  o i l  and g a s ,  ext . ract ion o f  u r an ium,  
and  o f  o t h e r  e n e r g y  t e c h n u l u y i e s .  

The i n e l a s t i c i t y  o f  c o n s u m e r ' s ,  er ierqy service demand& and 
t h e  e x o g e n o u s l y  d e t e r m i n e d  i n d u s t r i a l ,  i n p u t / o u t p u t  coe f  f  i- 
c i e n t s  a r e  . o v e r s i m p l i f i c a t i o n s .  The i n t e g r a t e d ,  p r o c e s s  
t y p e  r e p r e s e n t a t i o n  o f  e n e r g y  s u p p l y  and consumer  f u e l  de- 
mands  p r o v i d e s  a  r i c h  d e t a i l  i n  an  o v e r a l l  u n i f i e d  f rame-  
work.  The l i n k  w i t h  t h e  W e l f a r e  E q u i l i b r i u m  Model ( W E M )  
e n a b l e s  PPIM t o  ' c o m p e n s a t e  f o r  t h e  o t h e r w i s e  f i x e d ,  i n d u s -  
t r i a l  i n p u t / o u t p u t  c o e f f i c i e n t s  and t o  r e f l e c t  i n d u s t r i a l  
i n t e r f u e l  s u b s t i t u t i o n  and c o s t - e f f e c t i v e  c o n s e r v a t i o n .  

The S t r u c t u r e  o f  t h e  PILOT W e l f a r e  E q u i l i b r i u m  Model (WEM) 

WEM [13]  is a t ime -phased  ( f a r s i g h t e d ) ,  s i n g l e  r e g i o n  l i n e a r  
programming mode1 [ a p ~ r o x i m a t e l y  700 c l s n s t r a i n t c  and 3000 
v a r i a b l e s )  f o r  d e v e l o p i n g  i n t e r r i a l l y  c o n s i s t e n t ,  10114-run 
p r o j e c t i o n s  of e n e r g y  s u p p l y ,  demand, and economic  g rowth  
w i t h i n  a n  ' economic  f ramework  o f  a g g r e g a t e ,  consumer  w e l f a r e  
m a x i m i z a t i o n .  Economic w e l f a r e  is assumed t o  be a f u n c t i o n  
o f  . p e r  c a p i t a  c o n s u m ~ t i o n ,  a v e r a g e  workweek, and p o p u l a -  
t i o n .  S u b s t i t u t i o n  across l a b o r ,  c a p i t a l ,  and e n e r g y  p e r m i t  
t h e  economic  s y s t e m  to a d  j u s t  t o  e n e r g y  s c d c c i t i c s .  

Dynamics 

'The model  e x p l i c i t l y  i n c o r p o r a t e s  t h e  dynamics  of curlsump- 
t i o n  i n v e s t m e n t  d e c i s i u r ~ s  an3 p r i c i n g  s t r a t e g i e s  for ex- 
h a u s t i b l e  r e s o u r c e s .  The d i s c o u n t  r a t e  f o r  h o u s e h o l d  w e l -  
f a r e  works  t h r o u g h  t h e  consumer  demands t o  o t h e r  c a p i t a l  
f o r m a t i o n  demands.  The c a p i t a l  s t o c k  add it i o n  d e c i s i o n s  a r e  
t h u s  made on t h e  b a s i s  o f  t h e  d i s c o u n t  r a t e  imputed t h r o u g h  
t h i s  mechanism. Long-run,  m a r g i n a l ,  . cost c u r v e s  are used  
f o r  s p e c i f y i n g  t h e  d o m e s t i c  r e s o u r c e  a v a i l a b i l i t y .  



Figu re  5 PILOT ENERGY SE'CTOR 
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Industrial Production \ on-energy) 

The seven non-energy industrial sector projection processes 
are described through hierarchical production functions: 
sector-specific, labor/capital substitution uses a constant 
elasticity of substitution ( C E S )  specification; sector-spe- 
cific, energy/value added substitution is modeled using a 
similar formulation. Industrial energy is decomposed into 
industry-wide substitutable energy and sector-specific non-, 
substitutable (complementary) energy. The latter is intend- 
ed to specify the raw material and other non-substitutable 
energy requirements and, therefore, is proportional to the 
output level of an industrial sector. The substitutab1.e in- 
dustrial energy is provided through a mix of coal, oil, gas, 
and electricity and is modeled throuqh CES functi.ans t .hat.  
describe the possible shifts a.croas t.he following pairs of 
fuels: electric/non-electric, coal/oil-gas, and oil/gas. 

r 
Labor-Leisure Choice 

The historical trends are consistent with the behavior that, 
as the per capita consumption level rises; the length of the 
average workweek declines. The tendency for this trend to 
continue is reflected by a household welfare function that( 
describes the so-called labor-leisure choice. This choice 
reflects the diminishing marginal utility of consumption at 
a given level of leisure. The marginal utilities of con- 
sumption and leisure are positive. 

The household, welfare function is a function of four time 
profiles: per capita consumption (endogenous)', average 
workweek (endogenous), population (exogenous),, and discount 
factor (exogenous) . This function is first defined in per 
capita terms, then weighted By population and discount fac- 
tors for each period and summed over time. Two key para- 
meters that enter the specification of the household welfare 
function in per capita terms are the reference potential 
workweek and the elasticity of subst-itution between per cap- 
ita consumption and leisure time. The reference potential 
workweek is assumed to be 48 hours. Per capita, weekly lei- 
sure time is defined as a product of: 

+ The diffekenoe between the roLurence 
potential workweek and the average work- 
week: and 

The exogenous participation rate of the 
employed workforce. 

A.specification of constant electricity of substitution be- 
tween per capita consumption and leisure time is used, and 



the elasticity of substitution is obtained through trend 
analysis of historical data for per capita consumption, 
average workweek, and wage rate. 

Foreign Trade 

Import-export activities are explicitly modeled. In parti- 
cular, oil and gas import activities are included. The 
trade, balance constraint requires matching exports to pay . 
for the imports. The model can also be used to evaluate 
tariffs/subsidies designed to control trade to meet national 
goals. The trade, balance constraint appears critical ih 
determining the level of imports and, hence, the attractive- 
ness of advanced technologies on a purely non-energy cost 
basis. 

One key assumption (constraint) plays a potentially crucial 
role in the WEM results:. energy imports are restricted to 
an exogenously specified percentage of total, domestic 
resource consumption. The PPIM modelers feel, however, that ' 

this assumption does not seriously affect the integrated 
results of the PILOT system since the PPIM does not restrict 
energy imports. The balance of trade 'requirement of PPIM 
plays an important role in the results of the PILOT'system. 
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The ETA-MACRO Model Sys tem 

The ETA-MACRO. [ l o ]  mode l ,  d e v e l o p e d  by Alan Manne o f  S t a n -  
f o r d  U n i v e r s i t y  to  s t u d y  t h e  i n t e r r e l a t i o n s h i p s  be tween  U.S. 
economic  growth ' ,  c o n s e r v a t i o n ,  and  e n e r g y  t e c h n o l o g i e s .  i s  a 
n o r m a t i v e  o p t i m i z a t i o n  model .  C o n s t r a i n t s  r e g a r d i n g  e n e r g y  ' 

demand, s u p p l i e s  f rom e x i s t i n g  and new t e c h n o l o g i e s ,  . and 
f a c t o r s  a s s o c i a t e d  w i t h  deve lopmen t  o f  s u p p l y  t e c h n o l o g i e s  
are i n c o r p o r a t e d .  

S t r u c t u r e  o f  t h e  Model 

ETA-MACRO r e p r e s e n t s  a  m e r g e r  o f  a p r o c e s s  a n a l y s i s  model  
f o r  Energy  Techno logy  Asses smen t  (ETA) w i t h  a macroeconomic 
g r o w t h  model which c a p t u r e s  s u b s t i t u t i o n  p o s s i b i l i t i e s  be- 
tween  c a p i t a l ,  l a b o r ,  and e n e r g y  i n p u t s  (MACRO). The ETA 
model  is l i n k e d  t o  t h e  MACRO model  t h r o u g h  t h e  e q u i l i b r i u m  
p r i c e  and q u a n t i t y  o f  e n e r g y  i n  t h e  d o m e s t i c  economy. T h i s  
s y s t e m  is a t'ool f o r  i n t e g r a t i n g  l ong - t e rm  e n e r g y  s u p p l y  and 
demand p r o j e c t i o n s .  I t  is d e s i g n e d  t o  compare  t h e  o p t i o n s  
t h a t  a r e  a v a i l a b l e  ' t o  t h e  U.S. as t h e  c o u n t r y  moves away 
f rom i t s  p r e s e n t  heavy  d e p e n d e n c e  upon o i l  and g a s  re- 
s o u r c e s  toward  a more d i v e r s i f i e d ,  f u t u r e  e n e r g y  economy. 

I n  o r d e r  t o  a c c o u n t  f o r  t h e  e v e n t u a l  e x h a u s t i o n  o f  t o d a y ' s  
f u e l s ,  t h e  t i m e  h o r i z o n  is d i v i d e d  i n t o  16 ;  f  i v e - y e a r  . t i m e  
i n t e r v a l s  e x t e n d i n g  f rom 1 9 7 5  t h r o u g h  2050. T h i s  is a dyna- 
m i c  model .  I t  as-sumes t h a t  p r o d u c e r s  and consumer s  a r e  
s u f f i c i e n t l y  f a r s i g h t e d  t o  a n t i c i p a t e  t h e  s ca rc i t i e s  of 
e n e r g y  l i k e l y  t o  d e v e l o p  d u r i n g  t h e  2 1 s t  c e n t u r y .  

ETA-MACRO allows e x p l i c i t l y  f o r :  

~ n e r q y - e c o n o m y  i n t e r a c t i o n s - - t h e  p r o s p e c t  
t h a t  r i s i n g  e n e r g y  costs and l i m i t e d  sup- .  
p l i e s  w i l l  p r e v e n t  t h e  .economy f rom 
a c h i e v i n g  i t s  f u l l  p o t e n t i a l  GNP g r o w t h  
r a t e  and t h a t  t h i s  e f f e c t ,  i n  t u r n ,  w i l l  I 

slow down f u t u r e ,  c a p i t a l  a c c u m u l a t i o n ;  

C o s t - e f f e c t i v e  c o n s e r v a t i o n - - t h e  r e d u c -  
t i o n  o f  e n e r g y  demands be low t h e  amounts  
p r o j e c t e d  f rom h i s t o r i c a l  t r e n d s ;  

I n t e r f u e l  s u b s t i t u t i o n - - c h a n g i n g  c o n d i -  
t i o n s  i n d u c i n g  consumer s  t o  r e p l a c e  o i l  
and g a s  w i t h  e l e c t r i c i t y ,  e . g . ,  h e a t  
pumps i n  place o f  f u e l  b u r n e r s ;  and 



New supp ly  t e chno log i e s - - syn fue l s ,  nu- 
c l e a r  and s o l a r  power, .each w i t h  i t s  own 
d i f f i c u l t i e s  and' u n c e r t a i n t i e s  on c o s t  
d a t e s ,  and r a t e s  of  i n t r o d u c t i o n .  

A l l  .numerical ,  i n p u t  d a t a  can be o rgan i zed  i n t o  s i x  ca t ego r -  
i e s  as fo l lows :  

Macroeconomic parameters- - the  p o t e n t i a l ,  
G N P  growth rate  a t  c o n s t a n t  energy 
p r i c e s ,  the e l a s t i c i t y  o f  agg rega t e ,  
energy  demand s u b s i t u t i o n ,  and "va lue  
s h a r e s "  f o r  the n e s t e d  p roduc t i on  
f u n c t i o n ;  

Upper bounds ( i f  any )  t o  r e p r e s e n t  en- 
v i ronmen ta l  r e s t r i c t i o n s  upon t o t a l  coal 
consumption;  

Cumulative supply  c u r ~ i s - - ~ u a n t i t ~  v e r -  
s u s  marg ina l  s e l l i n g  p r i c e  ( rep lacement  
c o s t )  f o r  o i l ,  g a s ,  

I n t r o d u c t i o n  l i m i t s  ( i f  any )  and i n p u t /  
o u t p u t  c o e f f i c i e n t s .  f o r  each  supply  
t echnology  ; 

Technology .groups f o r  t h e  s t a n d a r d  ETA-- 
MACRO r e p o r t .  

The o u t p u t  d a t a  c o n s i s t s  o f :  domes t ic  energy consumption 
(by s o u r c e ) ,  pe t ro leum and g a s  impor t s ,  t o t a l  energy con- 

, sumption,  e l e c t r i c i t y  g e n e r a t i o n  (by s o u r c e ) ,  cumula t ive  
r e s o u r a e  r equ i r emen t s ,  n u c l e a r  f u e l  r equ i rements ,  energy  
p r i c e s ,  GNP, p r e s e n t  v a l u e  o f  consumption a t  a 5 p e r c e n t  and 
10  p e r c e n t  d i s c o u n t  r a t e ,  annua l  inves tment  rates f o r  elec- 
t r i c  u t i l i t i e s ,  and p roduc t i on  c a p a c i t y  l e v e l s  f o r  a l l  . t e c h -  
n o l o g i e s .  

Energy p r i c e s  are d e r i v e d  from t h e  d u a l  v a r i a b l e s  o f  t h e  
non - l i nea r  ~ r o g r a m r n i n ~  a lgo r i t hm.  Hence, t h e y  measure m a r -  
g i n a l  replacement  c o s t s  r a t h e r  t h a n  a c t u a l  . average  market  
p r i c e s .  

O i l ,  g a s ,  and c o a l  are agg rcga t cd  into a s i n g l e  oa t ego ry r  
" n o n - e l e c t r i c  energy ."  E l e c t r i c i t y  i s  d e s c r i b e d  i n  t e r m s  o f  
t o t a l  k i l o w a t t  hou r s .  The load-dura t ion  curve  is n o t  model- 
ed  e x p l i c i t l y ,  b u t  a  p r o v i s i o n  is  a v a i l a b l e  t o  approximate 
the advan tages  o f  f o s s i l - f i r e d  u n i t s  f o r  i n t e r m e d i a t e  and 
peak ing  du ty .  T h i s  c l a s s i f i c a t i o n  sys tem is  h i g h l y  aggrega-  
t e d .  More d e t a i l e d  c h a r a c t e r i z a t i o n s  would be needed t o  



analyze specific proposals for energy conservation or speci- 
fic projects for the expansion of production capacity. 

- The demand for energy in ETA-MACRO is derived through an 
aggregate, production function. This production. function is 
in nested form to minimize the number of parameters that 
need to be estimated from time series or cross-section data. 
It then becomes an easy matter to perform sensitivity analy- 
ses on demand elasticities. Alternative values of the 
aggregate elasticity of energy demand substitution (ESUB). 
can generate substantial differences in energy demand. This 
parameter is crucial for understanding th-e extent to which 
energy consumption and economic growth may be uncoupled from 
each other. 

I 

The economy uses energy in two basic forms: electric and 
nowelectric. The gross output of the economy, expressed in 
GNP terms, depends upon the. inputs of energy, labor, and 
capital. In turn, the output is allocated between current 
consumption, investment in building the stock of capital, 
and current payments for energy costs. The macroeconomic 
production function in MACRO provides substitution among the 
factor inputs--capital, labor, and energy. The response of 
the economy to energy, price increases and supply shortages 
is to initially substitute labor and capital for energy. 
These tradeoff possibilities are captured by the elasticity 
of substitution (ESUB) parameter in the production function 
(see ~igure 7.) 

In the ETA model, estimates of the demand for Fnergy are . . 

determined through a hybrid of econometric and engineering, 
process, analysis techniques. The energy, demand functions 
provide for substitut,ability between energy and other eco- 
nomic inputs. The ease or difficulty of s,uch tradeoffs is 
summarized through the ESUB parameter. The allocation of 
demand between the two forms of energy, i.e.,, the market. 
share, is accomplished by using individual price elastici- 
ties. 

The supply side of ETA is handled through a conventional 
linear programming process analysis. Electric energy can be 
produced by coal-fired powerplants, light-water reactors, 
and advanced electric 'technologies (e .g. , solar, .fusion, or. 
an advanc,ed breede~) ., ' Non-electric energy (.liquids, gases,. 
or Aolids) may be supplied,by'oil,.natural gas, coal, shale-, 
based synthetic fuels, ' or ,hydrogen .via ele,ctrolysis ., . The 
depictLon of these sources of energy 'is pe*rformed ,through a 
price-quantity schedule for each future . year, 'reflecting 
capit'al' and associated' costs involved in e~traction/~enera- 
tion/conversion of the final form of energy. 
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An intertemporal market equilibrium for the energy sector is 
approximated by optimizing for the minimum of the sum of 
conservation, interfuel substitution, and energy supply 
costs. The objective function, which is non-linear; treats 
the costs and benefits in present dollars by using a 75-year 
plannjng horizon and a social discount rate. Except for the 
use of the higher discount rate, which reflects uncertainty 
about the future, the optimization is in a deterministic , 

framework. 

Trends in the labor force, productivity growth index provide. 
the principal driving force for the potential G N P  and, 
hence, the expansion of energy demands over time. Demand 
growth in the two sectors, electric and non-electric, is ex- 
pressed as a function of the,annual rate of GNP growth, own 
and cross-price elasticities (exogenously determined), and 
the annual rates of own-price increase and competing, fuel 
price increase (endogenously determined). A unitary elasti- 
city of substitution for e.lectric and non-electric energy 
demand is assumed; however, the equilibrium, electric energy 
demand has an upper bound, expressed as a fixed value share 
of total primary energy. 

Typical key input assumptions for the ETA-MACRO runs 
include: price-quantity schedules for the energy supply 
sources, elasticities of substitution labor and capital for 
energy, potential G N P  growth rates, and delivered energy 
costs for various technologies (e.g., electric or synfuel 
options) . Although there are many more assumptions within 
the framework of the model, these appear to be the most 
important in determining the results. 



The BNL/DJA Model System 

The combined, BNL/DJA, energy-economy model system consists 
of a coupling of an economic growth model, the Hudson- 
Jorgenson Long-term Interindustry Transactions Model (HJ/ 
LITM) [6,71 available from Dale W. Jorgenson Associates 
(DJA), with an energy model, Brookhaven National Labora- 
tory's Time-stepped Energy System Optimization Model (TESOM) 
C81. The coupling is accomplished through an integrative 
interface which is essentially a "reduced-form" version of 
the ~rookhaven/~niversity of Illinois Input-Output Linear 
Programming Model [9]. 

The DJA model, also known as the Hudson-Jorgenson Long-term 
Interindustries Transactions Model (LITM), is a simulation 
model of the structure a~ld yruwLh of the U.S. cconomy. It 
combines a two-sector (consumption, investment) and two-fac- 
tor (capital, labor) neoclassical 11wjle1 of: macroeconomia 
growth with a multi-sector, input-output model using flexi- 
ble coefficients. For each year, it analyzes economic acti- 
vity on a sectoral basis and int.egrates these sectors into a 
consistent whole. There are ten producing sectors: four 
are non-energy and six energy. These sectors, in turn, con- 
sist of energy extraction and processing activities. These 
sectors are: 

Agriculture, non-fuel mining, construction; 

Manufacturing; 

Services, trade, communications; 

Coal mining; 

Crude petroleum; 

Petroleum refining; 

Electric utilities; 
1 .  

Gas extraction; a d  

In addition, there are three other sources of input$" into 
production (&Hpital, labor, and 2c6mpetiti"e . imports,) and 
four categories of final demand for gooas and services--(per- 
sonal consumption expenditures, investment, government pur- 
chases, and exports). These activities are organized into a 



matrix of interindustry transactions with thirteen supply 
sectors and fourteen purchasing sectors. Within this 
interindustry framework, .balance or consistency is required 

- to hold. 

0 '  First, price formation must be sufficient for 
sectoral'output prices to cover average costs of 
production including a normal rate of return. 

Second, quantities must ,be .such that, for every 
sector, the output of a sector exactly matches the 
quantity of that good or service required for input 
into other producing sectors, together with the 

' quantity used to satisfy final demand. 

Third, prices and quantities must be such that the 
revenue received by a sector is exactly accounted 
for by payments to inputs, including income to 
capital, and by payments to governments. 

~ourth, the demands for capital and labor inputs 
mus,ts be consistent with the supplies of these 
resources. 

In addition, imports are constrained by the avail- 
' able revenue from exports together with a limited 
foreign deficit. 

Activity patterns within this framework are represented by 
econometric models. The submodels for consumption and for 
each of the producing sectors incorporate the patterns of 
behavioral and technical responses observed for these acti- 
vities. This approach gives a flexible and consistent repre- 
sentation of economic behavior. These submodels provide a 
framework for the analysis of output price formation and, 
with the above consistency conditions, determine,the system 
of rel.at ive prices characterizing the economy. Also, these 
submodels determine the particular pattern of input pur- 
chases (the input-output coefficients) that, of all fea,sible 
input patterns, represents the cost minimizing pattern'given 
prevailing prices. This means that the input-output co,effi- 
cients are endogenous, being functions of, inter alia, rela- 
tive prices. Similarly, the pattern of consumption spending 
is modeled in a flexible manner. These features provide for 
the incorporation of the substitution or complementarity 
re1 at i onships betwekn  input^ and the ad juokments in the 
patterp of consumer expenditure. As a resuit, some of the 
principal( - adjustment mechanisms in the economic system are 
expl~citly'incorpor~ated in the model. 



The DJA model is a dynamic equilibrium model of the U.S. 
economy. For each of the endogenous commodities in the 
model, an algorithm determines relative prices based on the 
balance between demand and supply. Equivalently, the pat- 
tern of economic activity in each year is consistent with 
prices as determined by the observed patterns of substitu- 

\ 

tion and other responses by producers and consumers. I r i  
addition, the model includes a balance between saving and 
investment that determines the rate of return and the rate 
of growth of capital stock. Economic growth is modeled as a 
sequence of one-period equilibria determining demand and 
supply and relative prices for all commodities. Investment 
in cach pcriod determines the level of capital stock avail- 
able in the following period. Dynamic adjustment to enerqy 
changcs is modclcd by tracing through tho impaat on future 
levels of capital stock and the rates of change of factor 
productivities. 

The BNL model, TESOM, is a national, energy system model 
based on  rookh haven's Reference Energy System (RES). The . . 
RES provides a complete and consistent accounting system, in 
physical units, for energy flows through energy technologies . (stocks). With appropriate conversion efficiencies, the RES 
proceeds from the extraction or importation of primary ener- 
gy resources and products, through refining .and the various 
stages of energy conversion, transportation distribution, 
and storage, to the consumption of fuels and electricity by 
end-use technologies corresponding to a particular, energy 
service demand. Within the RES, emphasis is placed on a 
comprehensive technological structure relating, energy flows 
which enter the system (oil, . gas, coal, uranium, solar, 
etc.) to the relatively nonsubstitutable, functional, ene.rgy 
services that'are the final product of the flow (space con- 
ditioning, motive power, process heat, lighting, etc.). 
Thus, the RES framework reflects the. full, feasible range of 
interfuel and technological substitutability. 

For each year the model optimally allocates energy resources 
and products and selects the optimal mix of supply, conver- 
sion, and demand technologies according to least-cost eco- 
nomic criteria to satisfy a specified set of energy service 
demands. Resource supply representations are specified as 
long- or short-term supply curves or fixed prices and avail-' 
abilities by year. The TESOM model provides a "vintage" 
representation #of the nation's energy system in that the 
optimal levels of the decision variables for any time-period 
are determined from: 1 -  

r 

..- ! ? I  

1 

: ,  



The optimal levels established for previous 
. periods; 

The retirement and deterioration rates, the 
lifetimes, and the associated costs of vin- 
tage capital stocks; and 

The economic and technological factors af- 
fecting the feasible levels of the decision 
variables for the period under investigation 
(e.g., decline rates, supply elasticities, 
cumulative resource availabilities, market 
penetration considerations, etc.) 

Mathematically, the model is formulated as a sequence of ex- 
panding, linear, programming formulations of the RES--one 
for each time period. For a given time period, the ,solu- 
tions derived for earlier periods are incorporated into the 
sequenced formulation along with assumptions regarding re- 
tirement and decline rates,'average lifetimes, age-dependent 
'conversion efficiencies, plant factors, O&,M costs, and the 
capital charges for the stocks-in-place. Then, at least-- 
cost or other quantifiable criteria, the energy demands are 
satisfied in accordance with the .supply expansions and in- 
c rease ' d .pene t r a t i ons tha t  are attainable for the period and 
the net availabilities from the evolution of the energy sys- 
tem to date. In meeting future energy demands, TESOM has a 
memory of the net availabilities from the past, augmented by 
availibilities attainable in the near-term. The updating 
and sequencing procedures are repeated until solutions for 
the entire time horizon are determined. 

TESOM provides a detailed representation of the electric 
sector. A set of demand types (e.g., base and intermediate 
loads, off-peak, heating, cooling, etc.) are defined. Each 
demand type has its own set of characteristics regarding its 
stochastic behavior and its seasonal (winter, summer, 
spring-fall) and daily (day, night) .loading. Required capa- 
city is governed by the highest, total peak demand which 
occurs' during some time of the year and day. By appropri- 
.ately loading the electric energy service demands onto the 
various (or, in some cases, corresponding) demand types and, 
subsequently, loading these demands onto the various season- 
day combinations, the height of the total peak for each sea- 
son-day is determined. Required capacity is simply the max- 
imum of the individual season-day pe~ks with allowances for 
transmission. and distribution losses and reserve margins. 
This feature permits the introduction of load management 
considerations into the problem formulation as the load dur- 
ation curve is, in part, exogenously determined from the 
detailed demand characteristics and their implications for 
the electric system, 



TESOM also contains a number of features designed to smooth 
the intertemporal transitions indicated by the sequence of 
solutions. Among these are the mechanisms for pricing and 
adjusting the availabilities of vintage stocks and an im- 
proved, market penetration algorithm which avoids the "bang- 
bang" characteristic of linear .programming models. To the 
extent that the age of a vintage stock is not beyond its 
economic lifetime, the annualized capital charges for the 
technology impose a cost on the system. Thus the fixed 
oosts associated with previous investments are incurred ir- 
respective of whether or not it is optimal to operate, par- 
tially or fully, an older teohnology. "Unrealistic" dis- 
placements of relatively inefficient vintages are discour- 
n g ~ d  when the asoociatcd variable coats of alternative 
stocks are combined with the fact that immediate write-offs 
are precluded. I 

The procedure for market penetration requires, as input, 
"optimistic" penetration levels for each technology in each 
year. The penetration algorithm then incorporates the mar- 
ginal values, implementation rates, and lag times. from 
previous periods as well as the technological and market 
characteristics for the current period into the determina- 
tion of more realistic bounds for the activity levels. The 
user-specified bounds are adjusted endogenously to account 
for the previous penetration and attractiveness of the 
technology. 

An overview of the BNL/DJA combined modeling system i's' prei 
s e n t . e d ,  in .F . i .g i~rs  8. 

For a given analysis, it is necessary to incorporate the 
assumptions appropriate to ea'ch of the components into the 
energy and economic system models. For the energy model, 
these assumptions include: energy technology characteriza- 
tions (costs, load, and plant factors, conversion efficien- 
cies, backup requirements, capacity limitations, etc.); 
environmental emission relations, and enerqy supply rela- 
tions (prices, costs, availab;ilities, quotas, etc.). For. 
the economic model, these assumptions include: a population 

. projection; government tax policy and expenditures; other 
exogenous, final demand purchases; the unemployment rate, 
etc. 

Having aligned the combined model system to the input as- 
sumptions, the integration-solution procedure is initialized 
as follows. Average supply price indices for the projection 
are estimated using, as weights, the energy quantities from 
a previous BNL/DJA reference projection. The pkice changes 

1 .  

, 1 
1 ' 
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from the reference projection aye related to price-quantity 
elasticities of demand to yield the initial estimates of 
primary energy consumption and, through average system effi- 
ciencies, the corresponding, energy service demand levels. 
These elasticities summarize the equilibrated degree of res- 
ponsiveness of energy quantity changes to energy price 
changes from previous solutions of the combined system. 
TESOM is then solved, constrained by the supply and conver- 
sion limitations and subject to the satisfaction of these 
initially determined levels of energy services. 

The solution values of energy prices, capital requirements, 
quantities, imports, and the levels of new energy technolo- 
gioo are cntcrcd ink0 thc  DJA model, -which is solved to 
yield specific estimates of the level and composition of 
production and spending throughout the economy. Economic 
sector activities and the energy input per unit of economic 
activity are transformed into a restructured set of demands 
for energy services in physical units. This mapping occurs 
through a "reduced-form" version of the ~ ~ ~ / ~ n i v e r s i t y  of 
Illinois Input-Output Model. Mathematically, these adjust- 
ments to the level and structure of the service demands are 
determined by account for: 

a Changes in thelservice levels due to changes 
in. the level and composition of economic 
activity; and 

a Changes in the service levels due to the 
rhanges in the e n ~ t q y  irlpl~t (eypendj t w o )  
per dollar of output (final demand spending 
for each producing (consuming) sector. This 
change accounts for the substitution of non- 
energyqinputs in production and consumption.. 

The final adjustment in the mapping process accounts for 
changes in the demand levels provided by the efficiency im- 
provements (from the previous TESOM solution) in each ser- 
vice category. At this point, the energy demand vector 
reflects changes in energy prices, the level ande~omposition 
of economic activity, energy and non-energy input substitu- 
tions in production, and the component system efficiencies. 
These energy demands are inserted into TESOM 'and produce a 
new simulation of the configuration of the energy system. 
This iterative process continues until consistency between 
the energy and economic systems in the two-models is attain- 
ed. The details of the interface procedure are presented in 
Figure 9. < 

* - - 
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'As utilized, the two models are naturally complementary: the 
DJA system models energy demand and economic effects; TESOM 
models energy supply and conversion but not energy demand. 
The two models, therefore, interface at energy demand with 
the DJA model covering from aggregate energy demand through 
the general economy and with TESOM covering from resources 
through energy demand. The linked system extends the 
coverage and applicability of either model. Further, the 
linked system provides a framework for the consistent analy- 
sis of the role of energy technologies, energy supply and 
conversion, energy use, and energy-economy interactions. 



The LEAP Model System 

The LEAP [ l l  model is a  d e t a i l e d ,  dynamic model'' o f  t h e  
s u p p l y  and demand f o r  e n e r g y  i n  t h e  Un i t ed  S t a t e s .  The 
methodology  o f .  t h e  model was d e v e l o p e d  i n  1973  t o  a n a l y z e  
s y n t h e t i c  f u e l  s t r a t e g y  f o r  Gul f  O i l  C o r p o r a t i o n  and h a s  
s i n c e  been e x t e n d e d  and m o d i f i e d  f o r  ,use i n  t h e  Department  
o f  E n e r g y ' s  long-  r a n g e  ene , rgy  a n a l y s i s .  T h i s  s e c t i o n  
p r e s e n t s  t h e  c u r r e n t  LEAP ne twork  known a s  ARC-78, a l t h o u g h  
r e f i n e m e n t s  t o  t h e  . model a r e  on-going b o t h  in -house  and 
t h r o u g h  s u b c o n t r a c t s .  

C a t e g o r i z e d  a s  a g e n e r a l  e q u i l i b r i u m  model ,  LEAP u s e s  a 
methodology  f o r  t h e  c o o r d i n a t e d  d e c o m p o s i t i o n  o f  complex 
t ime-dependen t  o p t  i m i z a p i o n  p rob lems .  The e n e r g y  sys t em .is 
d i v i d e d  i n t o  a  number "of s i m p l e r  submodels  which a r e  coor- 
d i n a t e d  w i t h i n  t h e  model s t r u c t u r e .  LEAP d o e s  n o t  impose 
o n e  u n i v e r s a l  g o a l  where t h e  a l l o c a t i o n  of r e s o u r c e s  and 
deaand  is d e t e r m i n e d  by e x p l i c i t  o p t i m i z a t i o n  of  a  s i n g l e  
o b j e c t i v e  f u n c t i o n .  R a t h e r  t h e  modules  i n  LEAP r e p r e s e n t  
t h e  s o l u t i o n s  t o  t h e  d e c e n t r a l i z e d  o p t i m i z a t i o n  problem.  A 
r e c u r s i v e  s o l u t i o n  a l g o r i t h m  is used t o  c o o r d i n a t e  t h e  ' d e -  
c e n t r a l i z e d  s o l u t i o n  i n t o  an e q u i l i b r i u m  s o l u t i o n .  

The s t r u c t u r e  of  t h e  LEAP model can  be i l l u s t r a t e d  by a  n e t -  
work d i ag ram,  'as shown i n  F i g u r e  1 0 .  The t e n  major  sectors 
e a c h  . c o n t a i n  a c t i v i t i e s  (o r  p r o c e s s e s ' )  c o n n e c t e d  by l i n k s  
t h a t  p a s s  i n f o r m a t i o n  t h r o u g h  t h e  ne twork .  Each p r o c e s s  is 
c h a r a c t e r i i e d  by a  set  o f  m a t h e m a t i c a l  r e l a t i o n s ,  b o t h  eco-, 
nomic ( b a s e d  on h i - s t o r i c  and p r o j e c t e d  d a t a )  and s u b j e c t i v e  
( b a s e d  on e x p e r t  j udgmen t ) .  , These  r e l a t i o n s  may be p h y s i -  
c a l ,  d e s c r i b i n g  how p h y s i c a l  f l o w s  i n t e r a c t  o v e r  t i m e ,  or 
b e h a v i o r a l ,  d e s c r i b i n g .  human c h o i c e s .  The b a s i c  ne twork  
d e s c r i b e s  t h e  l i n k s .  among t h e  p r o c e s s e s .  ' These l i n k s  a r e  
e x p r e s s e d  a s  f l o w s  o f  p r i c e s  and q u a n t i t i e s  o f  e n e r g y  pro-  
duc t s ' .  Some l i n k s  can  a l s o  r e p r e s e n t  e n v i r o n m e n t a l  con- 
t ro l s ,  t h e  r e l a t i o n s h i p  o f  t h e  e n e r g y  sector to  t h e  economy, 
and c o n s t r a i n t s  on p r i c e s  or q u a n t i t i e s .  

A t  t h e  bo t tom o f  t h i s  ne twork  a r e  p r o c e s s e s  d e s c r i b i n g  p r i -  
.mary r e s o u r c e  s u p p l y :  o i l ' ,  g a s ,  c o a l ,  uranium. P r o c e s s e s  a t  + 

t h e  t o p  o f  t h e  ne twork  r e p r e s e n t  end-,use demand6 f o r  e n e r g y  
by  sector: r e s i d e n t i a l ,  commerc i a l , .  i n d u s t r i a l ,  t r a n s p o r t a -  
t i o n .  In-between a r e  o t h e r  p r o c e s s e s  d e s c r i b i n g  m a r k e t  be- 
h a v i o r ,  e n e r g y  convers j ion ,  and t r a n s p o r t a t  i o n .  The two re- 
p r e s e n t a t i o n s  be tween  s u p p l y  and demand a r e  t h e  e l e c t r i c a l  
u t i l i t i e s  s e c t o r  and t h e  e n e r g y  d i s t r i b u t i o n  sector.  -LEAP 
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also includes an explicit representation of energy imports 
and exports. i 

The algorithm used td solve this generalized equilibrium mo- 
del finds the set of prices and quantities that satisfies 
the physical and behavioral relations embodied in the 
cesses, linkages, and as defined by the network. Because an 
explicit solution of the 'model is usually not possible, 
iterative techniques are used to successively adjust prices 
and quantities until a solution is found. Starting with 
initial estimates of prices and quantities for all energy 
processes, the LEAP algorithm makes two basic sweeps through 
the entire network. Tentative prices are computed on the 
upward iteration (holding quantities constant) and tentative 
quantities are computed on the downward iteration (holding 
prices constant). The resulting equilibrium solution re- 
flects whatever market imperfections and human behavior are 
built into the processes. Moreover, the equilibrium solu- 
tion is dynamic because the solution for a given time-period 
depends on the solutions in past and future time-periods. 

The supply processes describe the production of primary 
energy resources, disaggregated into appropriate supply 
regions. These representations use long-run supply curves 
based on available geologic data and price assumptions. 
Prices are derived from the marginal cost of producing an 

. additional quantity of energy plus an economic rent term 
that represents resource scarcity and short-run supply dyna- 
mics. LEAP models resourde depletability in the economic 
sense that costs increase as depletion ensues. Technologi- 
cal change and learning effects on production and operating 
costs could partially offset these depletion based cost 
increases. . Production decisions are based on each producer 
maximizing the present value of future profits. The central 
assumption of perfect foresight, or knowledge of all future 
prices, allows producers to withhold resources or shift pro- 
duction across time to maximize profit. 

The end-use processes represent demands for various types of 
energy services such as fuel heat or vehicle miles. Unlike 
many energy models that use energy product demand as the 
final energy demand, LEAP represents the final demand in 
terms of services derived from projections of end-use con- 
sumption. Thus, the end-use demand model is not concerned 
with fuel or technology competition'since these are treated 
in conversion and allocation processes. Energy service 
demand is described as a function of population, economic 
activity and price (marginal cost) of energy services. 
Basically, LEAP takes projections of aggregate economic 



activity and population growth and determines sector activi- 
ty and the price elTasticity of demand and each end-use ser- 
vice: The effect of price on energy demand is accounted for 
by constant, elasticity demand curves combined with a lagGed 
adjustment process. 

Many of the activities between primary energy supply and 
end-use demand represent conversion processes, which des- 
cribe representative energy technologies. Model parameters 
account for technological change, thermal efficiency, and 
capital and operating cost changes. A' capital cost premium 
is incurred for use of a technology before the date of com- 
mercial availability. The relations for a simple conversion 
process are straightforward, physical accounting flows of 
one input, a conversion process, and one output for an acti- 
vity. A complex conversinn process describes a multiplc in- 
put or multiple output activity like electric power genera- 
tion or oil refining. For exainple, the model must consider 
the fluatuating dcmand for elcctricily, the l i l y h  cost of 
storing electricity, and the cost and efficiencies of dif- 
ferent technologies available to generate electricity. In 
this case, the model uses a subnetwork composed of an elec- 
tric power load disaggregation process, an allocation pro- 
cess for each load category, and several electric, power 
conversion processes. 

Some other keys of LEAP include: 

a The dynamic structure sf the model spans the 
next 50 years. Within each of the process 
,models, installation and retirement of faci- 
lities 0ve.r time and, as mentioned above, in 
the case ol: p i i r ~ ~ a r y  resources, depletion over 
time are modeled. 

a -  Plant capacity is distinguished from actual 
production, meaning that e x  o r  insuffi- 
cient capacity can occur i n ,  an industry or 
sector. 

Capacity expansion decisions depend on future 
prices, current capacity, and financial costs. 
The perception of future prices in LEAP can be 
varied from complete myopia tu perfect infor- 
mation. 

a The model includes a . detailed 'treatment of 
debt and equity, financial flows, income 
taxes, investment tax credits, property 
taxes, and depreciation. 



a Electr ic  power demand i s  characterized by 
three loading categories: base, immediate, 
and peak. As fuel  prices change and new 
technologies a re  introduced, u t i l i t y  plants 
a re  loaded ' t o  minimize the cost of e l e c t r i -  
c i t y .  

a The al locat ion processes use a continuous. 
market share function which allows the user 
t o  se l ec t  the degree of pr ice  sensi t ivi ty> 
from most sensi t ive  t o  most insensit ive.  I n  
addition, t h i s  function contains parameters 
t o  capture i n t r i n s i c  (non-price) discrimina- 
t ion  among s e l l e r s  on the par t  of buyers, and 
a behavioral lag term t o  r e f l ec t  the time lag 
of changing market shares. 

The market share model of 'supply-side competition, a l so  
u t i l i zed  by FOSSIL2, represents a major d is t inc t ion  between 
LEAP and FOSSIL2, and PILOT/WEM, ETA-MACRO and BNL/DJA. In 
the f i r s t  two models a che,aper product or technology cap- 
tures  only tha t  f ract ion of a market for  which it i s  proba- 
bly cheapest, and then only a f t e r  a time lag of up t o  50 
years. In the other supply-side models, the optimization 
methodologies embody other sophisticated, often c l a s s i ca l ,  
schemes to '  achieve smooth ra tes  of technology penetration. 

Interest ingly,  the supply-side market share model of LEAP 
can be described as the consequence characterizing the un- 
cer ta in ty  i n  the competing technologies. 
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RESIDENTIAL SECTOR (NO. 1 )  
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3. RESULTS ', 

Primary Energy and Composition 

The FOSSIL2 (1978) n a t i o n a l  energy model a d .  aver -  
age ,  annual  growth r a t e  i n  pr imary energy consumption o f  1 .9  
p e r c e n t  over  t h e  1977 t o  2000 pe r iod  and a somewhat s tower  
r a t e  o f  1 .6  p e r c e n t  from 2000 t o  2020. 

A s  primary energy usage i n c r e a s e s  from 75.7 q u a d r i l l i o n  Bt)u 
i n  1977 t o  119.1 quads i n  2000, t h e r e  a r e  s i g n i f i c a n t  s h i f t s  
i n  i t s  composit ion.  The s h a r e s  o f  domestic o i l  and gas  and 
imported o i l  d e c l i n e  from 23.6, 24.0, and 24.1 p e r c e n t ,  re -  
s p e c t i v e l y ,  i n  1977 t o  s h a r e s  of  on ly  14.7 p e r c e n t  f o r  
domestic o i l  i n  2000 and 15.1  p e r c e n t  and 15.4 p e r c e n t  f o r  
o i l  import  l e v e l s  and domest ic  gas  usage,  r e s p e c t i v e l y .  
These r e sou rces  a r e  d i s p l a c e d  p r i m a r i l y  by c o a l ,  nuc l ea r ,  
and o t h e r  non- fos s i l  energy sou rces .  Coal usage i n  2000 i s  
e s t ima ted  t o  be  more than  double  i t s  1.977 l e v e l  of  14.1 
quads and r i s e s  t o  35.9 quads.  This  4 .1  p e r c e n t  average ,  
annual  growth r a t e  i n  c o a l  consumption i s  a r e s u l t  of bo th  
t h e  p r o j e c t e d  i n c r e a s e  i n  t h e ' s h a r e  of  e l e c t r i c i t y  genera ted  
from c o a l  and t h e  r a p i d  10.0 p e r c e n t  average,  annual  growth 
i n  coal-based s y n t h e t i c s  du r ing  t h i s  pe r iod .  Nuclear i n p u t s  
a r e  p r o j e c t e d  t o  e x h i b i t  t h e  g r e a t e s t  growth of  a l l  energy 
r e sou rce  c a t e g o r i e s  over  t h e  remainder of  t h e  cen tu ry .  
Uranium consumption grows from 2.7 quads i n  1977 t o  15.7 
quads i n  2000 o r  a t  an  average r a t e  o f  8.0 p e r c e n t  p e r  
annum. Other non- fos s i l  e l e c t r i c  i n p u t s ,  which inc lude  
h y d r o e l e c t r i c ,  geothermal,  s o l a r ,  and wind i n p u t s ,  grow more 
r a p i d l y  t han  t o t a l  primary energy and r i s e  from 2.3 quads i n  
1977 t o  4 .3  quads by t h e  y e a r  2000. Non-fossi l  d i r e c t  i n -  
p u t s  -a lso  i n c r e a s e  over  t h i s  pe r iod  and account  f o r  4.5 per-  
c e n t  o f  t o t a l ,  primary energy consumption i n  2000. 

The major p a t t e r n  ev iden t  i n  t h e  FOSSIL2 pr imary energy pro- 
j e c t i o n s  over  t h e  1977 t o  2000 pe r iod  appears  t o  be a signi:  
f i c a n t  s h i f t  away from t o t a l  o i l  and gas  usage a s  i t s  aggre- 
g a t e ' s h a r e  d e c l i n e s  from 73.1 p e r c e n t  t o  48.6 pe rcen t .  Coal 
and uraniuni a r e  t h e  primary f u e l s  t h a t  s u b s t i t u ' t e  f o r  o i l  
and gas  over  t h i s  per.iod a s  t h e  combined s h a r e  of  c o a l  and '  
n u c l e a r  inputas r i s e s  from* 21.7 p e r c e n t  i n  1977 t o b  43". ~ 3, - per-  
c e n t  i n  2000. I 

. *  ~ . 
11 L . ,  

I n  c o n t r a s t  t o  t h e  r a p i d  g r o w t h ' o f ' n u c l e a r  energy dur'ing the- 
pre-2000 p e r i o d ,  t h e  primary r e sou rce  ca t ego ry  e x h i b i t i n g  
t h e  g r e a t e s t  growth over  t h e  2000 t o  2020 pe r iod ,  i s  jnon- 
f o s s i l  d i r e c t  i n p u t s .  D i r e c t  s o l a r  and geothermal ' ieirels  
grow a t  an  average annual  r a t e  of  5.6 p e r c e n t  from 5.3 quads 

P 
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in 2000 to 15.7 quads by 2020. The year 2000 share of total 
non-fossil energy, including nuclear (21.2 percent) con- 
tinues to rise to 27.1 percent by the year 2020. However, 
the growth rate of nuclear inputs is significantly slower 
during the 2000 to 2020 period increasing at an average 
annual rate of only 2.1 percent per annum as compared with 
its pre-2000 annual growth rate of 8.0 percent. Domestic' . .  
oil production is reduced substantially over the 2000 to 
2020 period and declines at an &erage rate of 5.5 percent' 
per year from 17.5 quads in 2000 to only 6.0 quads by 2020. 
Similarly, domestic gas production falls sharply from 18.3 
quads to 10.4 quads. As the aggregate.share of oil and gas 
declines to 29.5 percent in 2020, coal's share increases to 
43.4 percent of total primary energy and accounts for the 
largest share of primary resource consumption over the 2000 
to 2020 period. 

Electric Generation 

In the FOSSIL2 energy projection, electricity generation is 
anticipated to rise at an average annual rate of 3.0 percent 

' from 1977 to 2000 and then continue to grow at a moderately 
slower rate of 1.7 percent per annum through the year 2020. 
Electricity generated from coal increases in absolute terms 
from 3.6 quadrillion Btu in 1980 to 7.5 quads by 2000, but 
coal only marginally increases its share of total generation 
during the pre-2000 period. After 2000 coal generated 
electricity rises at 2.4 percent per year through 2020, and 
its share increases slightly from 48.1 percent in 2000 to 
51.9 percent in 2020. The proportions of total, coal * 

generated electricity provided by conventional coal steam 
plants, coal-combined cycle plants, and coal fluidized bed 
combustion (FBC) plants vary over time. In 2000, conven- 
tional coal plants provide 6.1 quads or 81.3 percent of the 
total 7.5 quads of coal-generated electricity, combined- 
cycle generation accounts" for 14.7 percent, and coal FBC 
geklerbdtiun accounts for 4.0 percent. By 2020, however, the 
shares of coal-combined cycle generation and coal FBC 
generation rise to 45.8 percent and 5.8 percent, respective- 
ly, of total coal generated electricity. The increased 
usage of these more effici'ent coal generating technologies 
results in the reduction of conventional coal generation to 
5.8 quads or 48.3 percent-of total coal generated electri- 
city by 2020. tias-fired electricity generation is signifi- 
cantly reduced during the pre-2000 period from a level of 
1.1 qudds i n  1980 to 0.2 quads in 20pU. Gas-tired electri- 
city is-not totally phased-out in the post-2000 period; it 
reinains at a constant minimal level of 0.1 quads through the 

1 . . . . ,  ,.a. 

year 2020.. ~lectricit~,~enerated.from oil declines only 1.0 
percerit 'per yeair from i'980 'to 2000, but its share declines 



from 18.6 percent to only 8.3 percent over this period. 
After 2000, oil-fired electricity generation decreases more 
rapidly at an annual rate of 2.5 percent as nuclear and coal 
generated electricity accounts for an increasingly larger 
share of total generation. Nuclear electricity, generated 
solely by the light water reactor (LWR) technology, 'is pro- 
jected to provide 32.1 percent of total electricity genera- 
tion in 2000 and 33.3 percent by 2020 as contrasted with its 
1980 share of 15.1 percent. Other non-fossil electric in- 
puts rise continuously from 1977 through 2020 though at a 
slower rate than total generation. Therefore, the aggre- 
gate share of hydro-electric, geothermal, solar, and wind 
generated electricity declines from 11.6 percent in electri- 
city declines from 11.6 percent in 1980 to 9.6 percent in 
ZUUU and then rises  to 10.4 percent in the year 21)20. The 
degree of electrification, as measured by Lhc ratio of total 
inputs for electricity generation versus total, primary ener- 
gy consumption, rises-'from 29.5 percerit in 1977 Lo 40:l per- 
cent by 2000. In the post-2000 period the degree of elec- 
trification r,eaches a peak in the year 2010 of 42.1 percent 
and is then reduced to 40.8 percent by the year 2020. 

Non-electric Advanced Supply Technologies 

The levels of new non-electric technologies projected by 
FOSSIL2 indicate that the most significant growth occurs in 
the production of coal-based synthetics. Total liquids pro- 
duction, which includes methanol andccoal liquids, increases 
from 0.4 quads in 1980 to 1.9 quads in 2000 or at an average 
annual rate of 8.1 percent. In 1980 methanol output level 
of 0.4  quads increases to 0.5 quads in 1985 and remains con- 
stant through 2020. Coal liquids are introduced i r ~  1990 and 
account for 73.7 percent of synthetic llquids production by 
2000. Tota1,syntheti.c gas output from coal in 2000 is pro- 
jected to be 1.8 quads, primarily from the production of 
medium-Btu gas. 

In the post-2000 period, coal liquids grow rapidly at 9.1 
pcrcont annually wh j. 1.e methanol production exhibits no 
increased growth. Total coal-based, synthetic liquids in 
2020 reach 8.5 quads and account for 43.4 percent of total , , 

coa.lhased synthetics production. production of bbth high- 
Btu and medium-Btu coal gas are accelesatecl after ,2008, arid 
total synthetic gas output reaches 11.1 quads in the year 
2020. The production of these synthetic liqu'id and gaseous , . 
fuels is a major contributing factor to the increasing share , 

of coal in primary energy consumption and the corresponding..f ! + 

reductions in the shares of imported oil and gas over. this; : 
' . 

period. , 



A n o t h e r  c a t e g o r y  o f  n o n - e l e , c t r i c ,  new t e c h n o l o g y  implementa-  
t i o n  c o n t a i n e d  i n  t h e  FOSSIL2 p r o j e c t i o n  is n o n - f o s s i l  
d i r e c t ,  e . g . ,  d i r e c t  s o l a r  and g e o t h e r m a l  h e a t i n g .  The i n -  
p u t s  t o  t h e s e  d e v i c e s  grow a t  an a v e r a g e  a n n u a l  ra te  of 5 . 2  
p e r c e n t  p e r  y e a r  f rom 1977  (1 .8  q u a d s )  t o  2020 (15..7 q u a d s ) .  



PILOT [ 3 ]  

P r i m a r y  Ene rgy  and C o m p o s i t i o n  

I n  t h e  PILOT model  s y s t e m ,  p r i m a r y  e n e r g y  is p r o j e c t e d  to  
r e a c h  128.6  q u a d s  i n  2000 and grow a t  an  a v e r a g e  a n n u a l  rate.  
o f  2.3 p e r c e n t  f rom 1977  t o  2000 and  a t  a  much slower r a t e  
o f  1 . 3  p e r c e n t  per annum i n  t h e  pos t -2000  p e r i o d .  The e v i -  
d e n t  t r e n d  i n  t h e  c o m p o s i t i o n  o f  p r i m a r y  e n e r g y  o v e r  t h e  
,1977  t o  2005 p e r i o d  f o r  which  t h e  model was r u n  is t h e  sub-  
s t i t u t i o n  o f  coal,  n u c l e a r ,  and n o n - f o s s i l  i n p u t s  f o r  domes- 
t i c  and i m p o r t e d  o i l  and g a s .  Domestic o i l ' s  s h a r e  o f  t o t a l  
p r i m a r y  ' consumpt ion  o f  24.2 p e r c e n t  i n  1977  d e c l i ~ l e s  Lo 1 3 . 5  
p e r c e n t  b y  2005. Domestic g a s  shows a s i m i l a r  r e d u c t i o n  i n  
i t s  s h a r e  as it a c c o u n t s  f o r  o n l y  1 3 . 3  p e r c e n t  o f  t o t a l  p r i -  
mary  e n e r g y  i n  t h e  y e a r  2005 i n  c o n t r a s t  w i t h  i ts  1977 s h a r e  
o f  24.6 p e r c e n t .  A g g r e g a t e  imports o f  o i l  and g a s ,  which 
c o m p r i s e  26 .1  p e r c e n t  o f  - e n e r g y  u s e  i n  1977 ,  are r e d u c e d  t o  
1 2 . 6  p e r c e n t  as  ' t he  r e l i a n ' c e  on o i l  and g a s  i n  ea r l i e r  y e a r s  
is r e p l a c e d  by  g r e a t e r  d e p e n d e n c e  on  coal and  n u c l e a r  . 
s o u r c e s  o f  e n e r g y  by 2000. S h a l e  o i l  e n t e r s  t h e  s y s t e m  a t  a 
l e v e l  o f  0 . 1  quad  i n  1990  and g rows  t o  2.8 q u a d s  by  t h e  y e a r  
2025. 

Coal becomes t h e  d o m i n a n t  f u e l  i n  t h e  pos t -2000  p e r i o d  and 
a c c o u n t s  f o r  36.0 p e r c e n t  o f  a g g r e g a t e ,  p r i m a r y  e n e r g y  u s e  
i n  2005, a p p r o x i m a t e l y  d o u b l i n g  i t s  1977  s h a r e .  I n  2005 
49 .3  q u a d s  o f  t h e  t o t a l  137 .0  quad  demand f o r  p r i m a r y  e n e r g y  
is p r o v i d e d  by . coa l .  N u c l e a r  e n e r g y  is p r o j e c t e d  to grow a t  
a r a t e  o f  7.2 p e r c e n t  f rom 1 9 7 7  t h r o u g h  2000 and  accelerates 
its g r o w t h  f u r t h e r  t o  a n  a n n u a l  ra te  o f  8 .4  p e r c e n t  a f t e r  
2000. By 2005 i t s  s h a r e  o f  t o t a l  e n e r g y  rises to 1 4 . 5  p e r -  
cent as n u c l e a r  i n p u t s  g row f rom 13 .3  q u a d s  i n  2000 t o  19 .9  
q u a d s  by 2005. 

N o n - f o s s i l  e l ec t r i c  s o u r c e s ,  which  i n c l u d e  h y d r o e l e c t r i c  and 
solar  e n e r g y ,  g row a t  '4.3 p e r c e n t  p e r  annum t h r o u g h  t h e  y e a r  
2000 and more r a p i d l y ,  a t  a r a t e  o f .  1 0 . 1  p e r c e n t ,  o v e r  t h e  
next f i v e  y e a r s  ta r e a c h  a total. share o f  7 . 0  p e r c e n t  i n  
2005. Direct, n o n - f o s s i l  i n p u t s  a lso  i n c r e a s e  o v e r  t h e  p ro -  
j e c t i o n  p e r i o d  b u t  a c c o u n t  f o r  o n l y  .a small share - -1 .1  per- 
cen t - -o f  t o t a l  e n e r g y  u s e  by  t h e  y e a r  2005. I n  a d d i t i o n  t o  
t h e  s h i f t  t o w a r d s  g r e a t e r  use .  o f  coal and uran ium o v e r  t i m e ,  
t h e  i n c r e a s e d  g r o w t h  o f  n o n - f o s s i l  e l ec t r i c  and  d i r e c t  
i n p u t s  i n d i c a t e s  a t r e n d  t o w a r d s  g r e a t e r  u s e  o f  r e n e w a b l e  
ene rgy . '  

E l e c t r i c  G e n e r a t i o n  

T o t a l  e l e c t r i c i t y  g e n e r a t i o n  is  p r o j e c t e d  t o  grow a t  a n  
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annual rate of 3.1 percent over the 1977. to 2000 period 
reaching 14.5 quads. This trend slows to 2.1 percent per 
year from 2000 to 2005 as total primary energy comsumption 
growth slows. Total electrification increases over the pro- 
jection period with'30.2 percent of primary energy going to 
electric generation in 1977, 33.0 percent in 2000, and 34.6 
percent in 2005. Nuclear generation (light water reactors) 
grows the most rapidly at rates of 7.4 percent per year in 
the pre-2000 period and 8.5 percent per year in the post- 
2000 period yielding 4.4 quads of electric generation in 
2000 and 6.6 quads in 2005. These levels provide 30.1 per- 
cent and 40.8 percent of electric generating capacity in 
2000 and 2005 reapcctively. Hydroeleatric generation grows 
at an annual rate of 1.6 percent in the pre-2000 period 
eacliill,-j 1.1 quads and remains at that lcvcl through 2005. 

Oil and gas generation'declines ~ignificantly over the pro- 
jection period with its share of total generation falling 
from 31.2 percent tin 1977 to 5.0, percent in 2000 and 2005. 
Coal electric generation grows through 2000 reaching 8.3 
quads in that year but falls to 7.2 quads in 2005 as nu- 
clear generation assumes an ever increasing share. In fact, 
coal's share of total generation begins falling after 1995 
from 59.5 percent in that year to 57.0 percent in 2000 and 
45.0 percent in 2005 as it yields ground to nuclear.genera- 
tion. Solar electric generation provides less than 0.5 per- 
cent of the total generation in 2000 and grows to 2.4 per- 
cent (0.4 quads) in 2005. 

Non-electric Advanced Supply Technologies 

Shaie oil production is projected to begin in 1990 and grow 
at an annual rate of 28.5 percent reaching 1.5 quads in 
2000. After 2000 this growth slows to 13.6 percent per 
year. Coal liquids enter the system in the year 2000 at the 
(EIA/ARC) suggested upper bound of 3.7 quads and increase to 
6.8 quads in 2005. In 1995 coal gasification produces 0.8 
quads of energy and in 2000 and 2005 provides 1.6 quads and 
3.2' quads, respectively, the suggested (EIA/ARC) upper 
bounds. Residential solar enerqy use becomes available in 
1980 and grows at an annual rate of 9.6 percent to 2000 
(1.4 quads). The AES is a model-specified technology which 
absorbs some requirements for liquid and gaseous fuels be- 
yond the availabilities of the conventional and synthetic 
sources. The price at which the AES becomes available is 
$5/106 Btu (1978$). The AES serves to represent advanced 
technologies, such as biomass conversion, not represented 
explicitly in the energy supply submodel. Its penetration 
is quantity limited. The AES penetrates the system in 1995 
for gas at a level of 0.7 quads and supplies 2.6 quads and 
1.9 quads in 2000 and 2005 respectively. The AES for oil 
enters in 2005 at 3.4 quads. 



Demand A n a l y s i s  

-The PILOT model  s y s t e m  p r o v i d e s  a  p r o j e c t i o n  o f  consumer  
e n e r g y  u s e  f o r  f o u r  end-use  c a t e g o r i e s :  s p a c e  h e a t i n g ,  a i r  
c o n d i t i o n i n g i  o t h e r  r e s i d e n t i a l ,  and a u t o m o b i l e s .  ' T o t a l .  u s e  
o f  e n e r g y  f o r  t h e s e  c a t e g o r i e s  o f  demand is p r o j e c t e d  to 
i n c r e a s e  o n l y  3 .5  q u a d s  f rom 1980  t o  2005 or a t  0.6 p e r c e n t  
per annum. The s t r u c t u r e  o f  demands a l so  a p p e a r s  to  s t a y  
r e l a t i v e l y  c o n s t a n t  a l t h o u g h  small c h a n g e s  i n  s h a r e s  f o r  
e a c h  c a t e g o r y  o c c u r  o v e r  t h e  t w e n t y - f i v e  y e a r  p e r i o d .  Space-  
h e a t i n g ,  which a c c o u n t s  f o r  30 .2  p e r c e n t  o f  demand i n  1980 ,  
is e s t i m a t e d  to  s t a y  e v e n  u n t i l  1990  a n d ,  t h e r e a f t e r ,  t o  
d e c r e a s e  t o  a 28 p e r c e n t  s h a r e  by  2005. A i r  c o n d i t i o n i n g  
i n c r e a s e s  i t s  s h a r e  f rom 1 . 5  p e r c e n t  i n  1980  t o  2.3  p e r c e n t  
i n  2005 and i s  t h e  demand c a t e g o r y  which  , s h o w s  t h e  most 
r a p i d  r a t e  o f  g r o w t h  a t  2 .1  p e r c e n t  p e r  y e a r .  O t h e r  resi- 
d e n t i a l  demand rises f rom 13 .6  p e r c e n t  o f  demand t o  17 .7  
p e r c e n t  w h i l e  a u t o m o b i l e  demand s t a y s  r e l a t i v e l y  c o n s t a n t .  
Auto demand i n  1980  is e s t i m a t e d  t o  b e  12 .4  . q u a d s  w i t h '  a n  
a v e r a g e  f l e e t ,  e f . f i c i e n c y  o f  15 .6  miles p e r  g a l l o n .  By 2005, 
t h e  a v e r a g e  e f f i c i e n c y  o f  a u t o m o b i l e s  is p r o j e c t e d  to  a t t a i n  
29.8 mi les  p e r  g a l l o n .  Automobi le  demand i n c r e a s e s . a t  a 
r a t e  o f  0 .3  p e r c e n t  per y e a r  t o  l 3 . 2  q u a d s  i n  2005 '  and main- 
t a i n s .  a 53:l p e r c e n t  s h a r e  o f  t o t a l  end-use  demand. 
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P r i m a r v  Ene rav  and C o m ~ o s i t i o n  

P r i m a r y  e n e r g y  c o n s u m p t i o n  is p r o j e c t e d  to  r e a c h  l e v e l s  o f  
122 .3  q u a d s  i n  2000 and  226.1  q u a d s  i n  2030 y i e l d i n g  an 
a v e r a g e  a n n u a l  g r o w t h  r a t e  o f  2 .1  p e r c e n t  o v e r  t h e  1977  to  
2030 p e r i o d .  The l e v e l  o f  d o m e s t i c  o i l  and g a s  u s a g e  
d e c l i n e s  f rom 36.9 q u a d s  i n  1 9 7 7  t o  33.0 q u a d s  i n  2000 and 
1 2 . 7  q u a d s  i n  2030. Over  t h e  2000-2030 p e r i o d  t h i s  d e c l i n e  
o c c u r s  a t  a c o n s t a n t  a n n u a l  r a t e  o f  3 .1  p e r c e n t  r e f l e c t i n g  
t h e  bounds  p l a c e d  on  d o m e s t i c  o i l  and g a s  a v a i l a b i l i t y .  I m -  
por ts  of o i l  and g a s  i n c r e a s e  s l i g h t l y  i n  t h e  1977-2000 
p c r i o d ,  r i a i n g  from 1 3 . 7 .  to 22 .4  quads, a l t h o u g h  the sliaxe 
of t o t a l  i m p o r t s  d e c l i n e s  f rom 26 .1  p e r c e n t  to 18 .3  p e r c e n t  
i n  2000 and  t o  z e r o  b y  2020. S h a l e  o i l  c o n t r i b u t e s  2.0 
q u a d s  t o  p r i m a r y  e n e r g y  consumpt ion  i n  e a c h  y e a r  f rom 2000 
t o  2030. T o t a l  c o n v e n t i o n a l  l i q u i d s  ( o i l ,  g a s ,  and s h a l e  
o i l )  comprise 74.8  p e r c e n t ,  46.9 p e r c e n t ,  and 6.5 p e r c e n t  o f  
t o t a l  p r i m a r y  c o n s u m p t i o n  i n  1 9 7 7 ,  2000, and 2030 r e s p e c -  
t i v e l y .  The d e c r e a s e d  i m p o r t a n c e  o f  c o n v e n t i o n a l  l i q u i d s  i n  
p r i m a r y  c o n s u m p t i o n  is d u e  t o  t h e  p h a s i n g  o u t  o f  non-coa l  
f o s s i l  e lec t r ic  g e n e r a t i o n  and t h e  s u b s t i t u t i o n  o f  s y n t h e t i c  
f u e l s  f o r  n o n - e l e c t r i c  u,ses. 

C o a l  u s a g e  i n c r e a s e s  o v e r  t h e  p r o j e c t i o n  p e r i o d  f rom 1 4 . 1  
q u a d s  i n  1977  t o  43.4 q u a d s  i-n 2000 and  102 .6  q u a d s  i n  2030, 
r i s i n g  a t  an  a v e r a g e  a n n u a l  r a t e  o f  5.0 p e r c e n t  i n  t h e  1977  
t o  2000 p e r i o d  and  2.9 p e r c e n t  t h e r e a f t e r .  Coal 's  c o n t r i -  
but ion t o  p r i m a r y  e n e r g y  consl~mpt I on i n c r e a s e s  from 18,4 
p e r c e n t  i n  1977  t o  47.3  p e r c e n t  i n  2000 b u t  d e c l i n e s  t o  45.4 
p e r c e n t  i n  2030. The i n c r e a s e d  i m p o r t a n c e  o f  coal i n  2020 
r e s u l t s  f rom t h e  h i g h e r  d e g r e e  of e l e c t r i f i c a t i o n  o f  t h e  
e n e r g y  s y s t e m  and t h e  r i s i n g  p r o d u c t i o n  o f  c o a l - b a s e d  syn- 
t h e t l c  f u e l s .  The d e c l i n e  .in coa l ' s  s h a r e  f rom 2020 t o  2030 
is d u e  l a r g e l y  t o  t h e  d e c r e a s e  i n  e l e c t r i f i c a t i o n  o v e r  t h a t  
p e r i o d .  Nuclear e n e r g y  g rows  a t  a n n u a l  r a t e s  of 6.8 p e r c e n t  
and  5.0 p e r c e n t  o v e r  t h e  p r e -  and  pos t -2000  p e r i o d s  respec- 
t i v e l y .  N u c l e a r ' s  s h a r e  o f  t o t a l  p r i m a r y  e n e r g y  u s a g e  i n -  

. creases f rom 3.6 p e r c e n t  i n  1 9 7 7  t o  1 0 . 2  p e r c e n t  i n  2000 and  
23.6 p e r c e n t  i n  2030. Advanced e lec t r ic  s y s t e m s  ( b r e e d e r  
f i s s i o n p  f u s i o n ;  and s o l a r  or h y b r i d )  c o n t r i b u L e  0 . 3  quads 
i n  2020 and  3.2 q u a d s  i n  2030 r e p r e s e n t i n g  0.2 p e r c e n t  and 
1 .4  p e r c e n t  o f  t o t a l  p r i m a r y  e n e r g y  i n  t h o s e  y e a r s .  Hydro- 
e lec t r i c  g rows  f rom 2.3 q u a d s  i n  1977  t o  7.0 q u a d s  i n  2000 
and  r e m a i n s  a t  t h a t  l e v e l  t h r o u g h  2025. Geo the rma l  makes 
no  c o n t r i b u t i o n  to  p r i m a r y  e n e r g y  u s a g e  b e i n g  uneconomic a t  
t h e  cost a s s u m p t i o n s  s p e c i f i e d  . The " b a c k s t o p "  (non -e l ec -  
t r i c )  e n e r g y  s o u r c e  rises f rom 2.0 q u a d s  i n  2000 t o  45.3 
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quads in 2030 or at an annual growth rate of 13.3 percent. 
The backstop provides 20.0 percent of primary energy con- 
sumption in 2030. 

Over the projection period the share of oil and gas declines 
significantly as the system relies increasingly on coal, 
nuclear, and the backstop technology. If one assumes, how- 
ever, that the major share of the backstop (non-electric) is 
similar to conventional fossil liquids (or is replacing them 
over time), then the share of primary energy providing 
"liquids" (oil, gas, shale oil, coal synthetics, and the 
backstop) declines from 74.8 percent in 1977 to 57.6 percent 
in 2000. After 2000 the "liquids" share stays relatively 
constant at about 50 percent of total primary energy. Thus, 
while "liquids" become less important over the medium term 
(until 2000), the availability of the backstop and synthetic 
fuels allows the system to maintain a relatively large 
dependence on "liquids." 

Electric Generation 

Electricity generation is projected to grow at annual rates 
of 3.1 percent and 2.7 percent over the 1977 to 2000 and 
2000 to 2030 periods, respectively, with generation levels 
of 7.2 quads in 1977, 14.7 quads in 2000, 'and 32.4 quads in 
2030. While the growth in electrification is slower over 
the post-2000 period than over the pre-2000 period, electric 
generation grows very rapidly from 2000 to 2010 (4.7 percent 
per year) and much more slowly from 2020 to 2030 (1.4 'per- 
cent per year). This seems to be highly correlated to the 
reduction in the GNP growth rate. ~ydroelectric generation 
grows from 0.0. quads in 1977 to 2.4 quads in 2000 and 
remains at that llevel through 2030. Coal's share of elec- 
tric generation rises from 46.6 percent in 1977 to about 51 
percent in 2000 as oil and gas generating capacity 
declines. After 2000, as nuclear assumes a larger role, 
coal's share of electric generation declines to 33.1 percent 
in 2030. However, the level of coal electric generation 
rises through 2020 to 11.6 quads and then falls in 2030 to 
10.6 quads as the degree of electrification declines over 
that perf6d. Conventional coal steam generation is gradual- 
Ly replaced by coal-oornbined cycle generation. Nuclear . 
electricity provided by light water reactors assumes an ever 
increasing role in electricity generation rising from 0.9 
quads in 1977 to 4.4 quads in 2000 and 18.1 quads in 2030. 
These levels represent shares of total electric generation 
of 11.6 percent, 29.2 percent, and 56.2 percent in the 
respectiye years. .Advanced electric generation systems 
(breeder fission, fusion, and solar or hybrid) provide less 
than 1 percent of electric generation capacity in 2020 and 
3.3 percent in 2030. 



N o n - e l e c t r i c  ~ d v a n c e d '  S u p p l y  T e c h n o l o g i e s  

Coal s y n t h e t i c  f u e l s  are modeled  w i t h  t h e  e f f i c i e n c y  and 
cost a s s u m p t i o n s  Eor t h e  a d v a n c e d ,  w e s t e r n ,  h igh -B tu ,  c o a l  
g a s i f i c a t i o n  s y s t e m  f r o g  t h e  EIA/ARC g u i d e l i n e s .  The pene- 
t r a t i o n  l e v e l s  o f  s y n t h e t i c  f u e l s  r ise f rom 0 .5  q u a d s  i n  
1990  t o  8 .3  q u a d s  i n  2000 and  40.0 q u a d s  ( t h e  EIA/ARC g u i d e -  
l i n e  l i m i t  f o r  a l l  coal s y n t h e t i c s )  i n  2030. The b a c k s t o p  
( n o n - e l e c t r i c )  t e c h n o l o g y  e n t e r s  t h e  p r o j e c t i o n  i n  2000 . a t  
2.0 q u a d s ,  b u t  t h i s  l e v e l  is f o r c e d  i n t o  t h e  s o l u t i o n  as t h e  
b a c k s t o p  is n o t  c o m p e t i t i v e  w i t h  o i l  i m p o r t s  i n  t h a t  y e a r ,  
A f t e r  2000 t h e  b a c k s t o p  s o u r c e  is a t  i t s  p e r m i s s i b l e  uppe r  
bound t h r o u g h  2020 and  c o n t i n u e s  t p  grow a f t e r  ' t h a t  y e a r  
r e a c h i n g  45.3 q u a d s  or 20.0 p e r c e n t  o f  p r i m a r y  en.ergy con- 

- s u m p t i o n  i n  2030. 

The b a c k s t o p  r e p r e s e n t s  a c h a t c h - a l l  c h a r a c t e r i z a t i o n  o f  
s u p p l y  and  c o n s e r v a t i o n  s o u r c e s  t h a t  would be economic  a t  
t h e  p r i c e  o f  $ 5 .  per m i l l i o n  B tu  - ( I 9 7 8  $ ) .  Thus t h e  h i g h  
p r i m a r y  demand o f  226 .1  q u a d s  by  2030 c o u l d  i n c l u d e  c o n s e r -  
v a t i o n  o p t i o n s  e q u a l  t o  45.3  q u a d s  o f  p r i m a r y  e q u i v a l e n t .  

C 
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P r i m a r y  Ene rgy  and C o m p o s i t i o n  

I n  t h e  BNL/DJA model  s y s t e m ,  a g g r e g a t e ,  p r i m a r y  e n e r g y  con- 
s u m p t i o n  is p r o j e c t e d  to  grow a t  an  a v e r a g e  a n n u a l  r a te  o f  
1 . 9  p e r c e n t  d u r i n g  t h e  1977  t o  2000 p e r i o d  to  a l e v e l  o f  
1 1 7 . 3  q u a d s  i n  2000. Energy  c o n s u m ~ t i o n  a f t e r  t h e  y e a r  
2000 g rows  a t  a more m o d e r a t e  r a t e  o f  1 . 5  p e r c e n t  p e r  annum 
and  r e a c h e s  170 .3  q u a d s  i n  t h e  y e a r  2025. The p a t t e r n  o f  
e n e r g y  u s e  c h a n g e s  s i g n i f i c a n t l y  o v e r  t h e  1977  t o  2025 f o r e -  
cast p e r i o d .  The 1977  aqcjrregate s h a r e  o f  o i l  and gas i m -  
por t s  d e c l i n e s  f rom 26.1  p e r c e n t  o f  t o t a l  primary e n e r g y  tn 
1 0 . 3  p e r c e n t  i n  2000 as  t h e s e  r e s o u r c e s  are d i s p l a c e d  by 
more i n t e n s i v e  u s e  o f  coal ,  u r an ium,  and n o n - f o s s i l  e n e r g y  
s o u r c e s .  Coa l  u s a g e  i n c r e a s e s  f rom i ts  1977  l e v e l  o f  1 4 . 1  
q u a d s  a t  an a n n u a l  r a t e  of 5.1 p e r c e n t  to  44.6 q u a d s  i n  
2000. T h i s  g r o w t h  is i n  a c c o r d a n c e  w i t h  t h e  i n t r o d u c t i o n  o f  
c o a l - b a s e d  s y n t h e t i c  f u e l  p r o d u c t i o n  and t h e  s h i f t  o v e r  t h i s  
p e r i o d  f rom o i l  and  g a s - f i r e d  e lec t r i c  g e n e r a t i o n  to  c o a l -  
f i r e d  p l a n t s .  

N u c l e a r  i n p u t s  i n c r e a s e  a t  a n  a v e r a g e  a n n u a l  ra te  o f  6.7 4 

p e r c e n t  o v e r  t h e  1 9 7 7  t o  2000 p e r i o d ,  f rom 2.7 q u a d s  to 11 .7  
q u a d s ,  and a c c o u n t  for  10 .0  p e r c e n t  o f  t o t a l  p r i m a r y  u s e  i n  
2000. N o n - f o s s i l  e l e c t r i c  i n p u t s  r i s e  f rom 2.3 quads '  i n  
1 9 7 7  t o  6,.9 q u a d s  i n  2000 as*  h y d r o e l e c t r i c ,  s o l a r ,  and wind 
e lec t r i c  s y s t e m s  i n c r e a s e  t h e i r  a g g r e g a t e  s h a r e  to  5.8 p e r -  
c e n t  by  2000. S h a l e  o i l  p r o d u c t i o n  r e a c h e s  a l e v e l  o f  1 .0  
quad  i n  2000 b u t  c o n s t i t u t e s  o n l y  n small share (3.ess t h a n  
One p e r c e n t )  o f  tot.al  pr i~nary energy i n  t h e  pre-2000 

' p e r i o d .  Direct solar  and  g e o t h e r m a l  h e a t i n g  rises from a 
1980  l e v e l  o f  0 .2  q u a d s  t o  2.0 '  q u a d s  by 2000 a s  r e n e w a b l e  
e n e r g y  s o u r c e s  s u b s t i t u t e  f o r  d e p l e t e d  o i l  and g a s  re- 
s o u r c e s .  The i n c r e a s e d  l e v e l s  p r o j e c t e d  f o r  wood h e a t i n g  
a n d  e l ec t r i c  g e n e r a t i o n  r e s u l t  i n  t h e  g rowth  o f  t h e  renew- 
a b l e ,  p r i m a r y ,  wood r e , s o u r c e  u s a g e  f rom 0.5 q u a d s  i n  1980  t o  
1 .6  q u a d s  by' 2000. 

I n  t h e  pos t -2000  p e r i o d ,  coal m a i n t a i n s  t h e  l a r g e s t  s h a r e  of 
LoLdl p r i m a r y  energy a n d -  rises f rom 44.6 q u a d s  i n  2000 t o  
89 .8  quads,  s r . 5 2 . 7  p e r c e n t  o f  t o t a l  p r i m a r y  consumpt ion ,  by 
2025. N u c l e a r  e n e r g y  c o n t i n u e s  to  grow a f t e r  2000 b u t  a t  a 
much slower r a t e  t h a n  t h e  6.7 p e r c e n t  per.  y e a r  g r o w t h  i n d i -  
c a t e d  f o r  t h e  . pre-2000  p e r i o d .  'From a 2000 l e v e l  o f  13. .7  
q u a d s ,  p r i m a r y  n u c l e a r  i n p u t s  i n c f e a s e  a t  an  ' a v e r a g e  . annua l  
r a t e  of 2.4 p e r c e n t  to a l e v e l  of 21.1  q u a d s  i n  2025. Non- 
f o s s i l  e l ec t r i c  i n p u t s  i n c r e a s e  t o  12.,2 q u a d s  and a c c o u n t  
f o r  7 .2  p e r c e n t  o f  t o t a l  p r i m a r y  r e s o u r c e s  by 2025.. 
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Domestic oil and gas consumption levels continue to decline 
after 2000 and account for only 20.1 percent of total energy 
in 2025 as there occur substantial interfuel substitutions 
of direct coal use, synthetic fuels, and renewable resources 
for oil and gas by the end of the forecast period. However, 
the economy cannot fully maintain the energy import indepen- 
dence achieved during the 2000 to 2015 period and begins to 
import small quantities of oil and gas after the year 2015. 

Electric Generation 

Electricity generation grows from 7.2 6uads in 1977 to 16.4 
quads in 2000 and 25.0 quads in 2025. This corresponds to +. 
average annual growth of 3.6 percent and 1.7 percent in the 
pre- and post-2000 periods, respectively. Coal,, nuclear, 
and P ~ O R - ~ O S S ~ I  electric qeneration grow conti nllnl~sl y over 
the projection period. The electrification of the energy 
system, as measured by the ratio of total electric inputs to 
total primary resources, grows from 29.9 percent in 1977 to 
40.5 percent in 2000 and 42.4 percent in 2025. 

Coal electric generation (including wood) increases its 
share of total generation from 46.7 percent in 1977 to 56.8 
percent in 2000. Several advanced coal electric technolo- 
gies appear by the year 2000. These include coal-combined 
cycle; coal, fluidized bed combustion (with and without co- 
generation); and coal-steam systems, combined with cogenera- 
tion and district heating. These advanced coal-electric 
technologies use 24.3 percent of the coal burned for elec- 
tric generation in 2000. By 2025, coal's share of total 
electric generation declines slightly to 54.2 percent as 
nuclear and non-fossil electric generation grows in impor- 
tance. The advanced, coal-electric techno1 ngi PR consume 
54.6 percent of the coal used for electric generation in 
2025. Wood inputs to electric generation grow to 0'.7 quads, 
in 2000 and remain at that level through 2025. The share of 
oil and gas electric generation declines from 31.3 percent 
in 1977 to 3.7 percent in 2000 as coal. nuclear, and non- 
fossil generation increase. Gas generating capacity is 
phased-out completely by 2020, and oil follows by 2025. The 
share of nuclear electric generation in the form of light 
water reactors grows from 11.7 percent in 1977 to 24.6 per- 
cent in 2000 and 29.1 percent in 2025. This share repre- 
sents a growth in nuclear generating capacity of 7.0 percent 
in the pre-2000 period and 3.4 percent in the post-2000 
period. Non-fossil electric generation accounts for 14.9 
percent of total generation in 2000 and 16.7 percent in 
2025. Low head hydro, solar, and wind generation grow at 
the EIA/ARC specified rates. 



Non-electric Advanced Supply Technologies 

Solar for heating uses is projected to enter the system in 
1980 at 0.02 quads and grows at an annual rate of 23.4 per- 
cent to 1.4 quads in 2000. In the post 2000 period, direct 
solar use grows at '3.4 percent per year to 3.1 quads' in 
2025. .Solar, thermal electric generation grows at EIA/ARC 
specified levels in all years. Wood usage for heating pro- 
vides 0.05 quads in 1980 and grows to 0.9 quads in 2000, an 
annual rate of 15.7 percent. After 2000 wood usage grows at 
4.6 percent per year to a level of 2.8 quads in 2025. Wood 
(biomass) electric generation was fixed at the EIA/ARC spe- 
cified level through 2000 and remains constant at 0.7 quads 
thereafter. Geothermal, industrial process heating becomes 
available in 1985 at 0.1 quads, grows to 0..6 quads by the 
year 2000 and 1.5 quads by 2025, growing annually at rates 
of 14.1 percent and 3.4 percent in the pre- and post-2000 
periods, respectively. Wind electric systems provide 0.02 
quads of primary equivalent energy in 1990, 0.85 quads in 
2000, and 3.2 quads in 2025. 

Shale oil production grows from 0.1 quads in 1980 to 1.0 
quads in 2000 and 3.0.quads in 2025. High-Btu gas from coal 
penetrates the system at 0.08 quads in 1985 and stays at 
that level through 2000. After 2000, high-Btu gas availa- 
bility grows at 10.5 percent per year to 1.0 quads in 2025. 
Methanol production starts at 0.07 quads per year ,in 1990 
and grows at an annual rate of 33.7 percent to 1.3 quads in 
2000. After 2000 an annual growth rate of 6.9 percent 
brings methanol. production to 6.7 quads in 2025. Medium-Btu 
coal gas grows from 0.4 quads in 1990 to 1.3 quads in i2000 
and 3.15 quads in 2025. These levels reflect. annual growth 
rates of 12.0 percent and 3-5 percent in the pie- and post- 
2000 periods, respectively. 

While some of the advanced technologies in the BNL/DJA pro- 
jection were fixed in accordance .with the EIA/ARC specified 
penetrations, others, most notably the synthetic fuels, were 
bounded only by the EIA/ARC limits and did not enter at 
these levels. , The TESOM component of the BNL/DJA system a 

incorporates a market penetration algorithm that takes as 
inputs optimistic penetration levels for each technology. 
Then, in each period, TESOM calculates a new upper, bound 
from the input penetration level and the actual penetration 
level in the previous period. The accompanying table s'hows 
the effect of this algorithm on the penetration limits for 
coal liquids. TESOM calculates upper 'bounds for coal 
liquids which are consistently lower than the input bounds. 
In 2005, coal liquids become economic and enter the system. 
In 2010 the calculated bound is increased significantly. 



COAL L I Q U I D  PENETRATION LEVELS AND BOUNDS I N  TESOM 

Input* . TESOM O u t p u t  
O p t i m i s t i c  C a l c u l a t e d  L e v e l  
penetrat ion U p p e r  B o u n d  ( q u a d s )  
L e v e l  ( quads 1 

Y e a r  ( q u a d s )  

*EIA/ARC spec i f ied  l e v e l s ,  except i n  2025. 



However, the system does not require an increase in the use 
of liquids over the previous period; so in 2015 the calcula- , 

ted bound is lower, given the units put in place during the 
previous period. After 2015 as the output levels grow, the 
calculated bounds are raised. This penetration algorithm 
takes into account the marginal values, implementation 
rates, and lag times from previous periods., as well as. the 
technological. and market characteristics for the current 
period in determining more realistic bounds for the activity 
levels. 

Demand Analysis 

In the energy model component of'the BNL/DJA system, the 
degree of technological detail represented for energy supply 
and conversion is extended to the demand side. Thus, energy 
.'services (e .g. , space conditioning, process heat, motive 
power, etc.) are provided by a comprehensive set of end-use 
technologies. over the period 1977 to 2025 wood-burning 
technologies, the .heat ,pump, integrated solar systems, and 
heat from combined electric generating and district heat.ing 
facilities account for increasing amounts of the energy 
required for residential and commercial space conditioning 
and miscellaneous heat. As indicated by the accompanying 
table, these technologies provide only 0.06 quads of the 
10.32 quads of energy inputs to residential and .commercial 
space heating in the year 1980. However, this 0.6 percent 
share grows to 14.8 percent by the year 2000 and 35.1 per- 
cent by the year 2025. In the industrial sector the future 
technological mix for process heat includes solar, geother- 
mal, wood, cogeneration, low (medium) -Btu gas, and coal 
fluidized bed combustion (FBC). The latter two technolo- 
gies, introduced in the last decade of the century, become, 
major componehts of the industrial technological mix by 
2025. Indeed, they account for slightly over one-third of 
the 28..72 quads of delivered energy required for process 
heat. More significantly, the combination of these enumera- 
ted technologies provides 60.8 percent of these delivered , 

energy inputs. In transportation automobiles powered' by 
electricity and fueled by methanol are introduced into the 
system. ,By the year 2025 methanol production reaches 6.72 
quads and provides 21.4 percent of the delivered energy to 
the transportation sector. ' 

In addition to new technologies, the importance of other 
end-use technoloqy considerations (turn-over' rates,. eff i- 
-ciency improvements, and substitutions) cannot be overempha- 
'sized in discussions of the, energy system in the long run. 
As presented in the' accompanying table, the. changes in the 
energy aggregates (primary, delivered, and energy services) 



provide a number of measures of energy system efficiency and 
aggregate efficiency changes. For example, as energy prices 
rise over the period 1980 to 2000, the ratio of delivered 
energy output to primary energy input deteriorates. This 
results from the substitutions of electricity and coal-based 
synthetics in the fuel mix for delivered energy. However, 
aggregate energy services per unit of delivered energy show 
a marked improvement over the period with the net effect of 
improving the overall energy system efficiency (energy ser- 
vices per unit of primary energy). Again, this partially 
results from the substitution of electricity which has a 
relatively higher efficiency in end-use. In addition, there 
are not only significant improvements in the efficiencies of 
end-use technologies, as vintage stocks are replaced, but 
also efficiency gains attributable to the substitution of 
other non-electric end-use devices. Over the period 2000 to 
2025, the' trends are still in evidence at a moderated rate, 
despite dampened, energy price increases. 



The Role of "New" T e c h n o l o g i e s  i n  Var ious  End-Uses 
( Q u a d r i l l i o n  Btu)  

Space  Heat 1980 2000 - 
Wood 
Heat Pump 
S o l a r  
District Heating 
T o t a l  
T o t a l  Energy Input 

to End-use 

Process Heat 

S o l a r  
Geothermal 
wood 
Cogenerati .on ( H e a t )  
Low (med. ) - ~ t u  Gas 
Coal-FBC 
T o t a l  
T o t a l  Energy Input 

Mot ive  Power 

Methanol 
T o t a l  Ener.gy Input 



A q g r e g a t e  Energy Q u a n t i t i e s  and Sys,tem E£ f i c i e n c i e s  

Energy q u a n t i t i e s  ( q u a d s )  

I .  T o t a l  pr imary  e n e r g y  
11. T o t a l  d e l i v e r e d  e n e r g y  

1 1 1 .  Total e n e r g y  s e r v i c e s  

Sys tem e f f i c i e n c i e s  

P e r c e n t  ' P e r c e n t  
1980  - Change Change 2025  2000 



LEAP 

Primary Energy and Composition 

Primary energy consumption i n  t h e  LEAP model system i s  pro- 
j ec t ed  t o  reach  122.0 quads i n  2000 and 166.9 quads i n  
2020. These l e v e l s  r e f l e c t  average  annual  growth r a t e s  o f  
2.1 p e r c e n t  from 1977 t o  2000 and 1.6 p e r c e n t  from 2000 t o  
2020. The s h a r e  o f  domest ic  o i l ,  i n c l u d i n g  s h a l e  o i l ,  
d e c l i n e s  from 24.2 p e r c e n t  o f  t o t a l  primary energy i n  1977 
t o  9.1 p e r c e n t  i n  2020. The s h a r e  o f  domestic g a s  d rops  
even more d r a m a t i c a l l y  from 24.6 p e r c e n t  i n  1977 t o  6.8 
p e r c e n t  i n  2020. Over t h e  cou r se  o f  t h e  1977-2020 p e r i o d ,  
agg rega t e  o i l  and gas  impor t s  a r e  reduced from 19.7 quads t o  
8.4 quads,  a n  average  annual  r a t e  o f  2.0 p e r c e n t .  

Coal and n u c l e a r  f u e l  a r e  t h e  two p r i m a r y  energy sou rces  
t h a t  t a k e  over  t h e  bu lk  of  t h e  market .  Coal consumption 
i n c r e a s e s  a t  a f a s t  rate o f  5.0 p e r c e n t  p e r  annum from 1977 
(14 .1  quads)  t o  2000 (43.8 quads)  and, t h e r e a f t e r ,  i n c r e a s e s  
a t  2..3 p e r c e n t  p e r  annum t o  2020 (74.5 quads) .  Even more 
s i g n i f i c a n t  i s  t h e  growth i n  c o a i ' s  s h a r e  o f  t o t a l  p r imary  
energy from 18.7 p e r c e n t  i n  1977 t o  35.9 p e r c e n t  i n  2000 and 
44.7 p e r c e n t  i n  2020. Most o f  t h i s  growth can be a t t r i b u t e d  
t o  the r a p i d  development o f  coal-based s y n t h e t i c s  a f t e r  
1990. Nuclear e n e r g y ' s  growth p a t t e r n  is  s i m i l a r  t o  t h a t  o f  
c o a l .  From an  i n i t i a l  s h a r e  o f  3.5 p e r c e n t  (2 .7  quads)  o f  
t o t a l  pr imary energy i n  1977, n u c l e a r  f u e l ' s  s h a r e  grows t o  
13 .8  p e r c e n t  (16.9  quads)  i n  2000 and 26.1 p e r c e n t  (43.56) 
i n  2020. These l e v e l s  t r a n s l a t e  t o  average,  annua l  growth 
rates o f  8.4 p e r c e n t  and 4.9 p e r c e n t  i n  t h e  pre -  and pos t -  
2000 per iods ,  r e s p e c t i v e l y .  The use  o f  o t h e r  non- fos s i l  
sou rces  o f  energy i n c r e a s e s  a t  an  average  annual  rate o f  3.2 
p e r c e n t  over  t h e  ,1977-2020 p e r i o d .  However, by 2020 t h e s e  
sou rces  on ly  account  f o r  5.2 p e r c e n t  of t o t a l  pr imary 
energy.  

E l e c t r i c  Generat ion 

T o t a l  e l e c t r i c i t y  g e n e r a t i o n  i s  p r o j e c t e d  t o  grow a t  an  
average  r a t e  o f  3.9 p e r c e n t  p e r  annum p r i o r  t o  2000 and 2.3 
p e r c e n t  p e r  y e a r  du r ing  t h e  2000-2030 pe r iod .  The amount of  
e l e c t r i c i t y  gene ra t ed  i n c r e a s e s  from 7.2 quads i n  1977 t o  
17.5 quads i n  2000 and 27.7 quads i n  2020. The e l e c t r i f i c a -  
t i o n  o f  t h e  energy system grows from 29.9 p e r c e n t  i n  1977 to  
40.4 p e r c e n t  i n ' 2 0 0 0  and 47.8 p e r c e n t  i n  2020. The s h a r e  o f  
coal-based g e n e r a t i o n  r i s e s  from 46.4 p e r c e n t  o f  t o t a l  elec- 
t r i c i t y  genera t ' ion  i n  1977 t o  56.5 p e r c e n t  i n  1995. Th i s  
s h a r e  d e c l i n e s  s t e a d i l y  t h e r e a f t e r  t o  41.0 p e r c e n t  i n  2020 - - 



despite the growth of the coal-combined cycle, atmospheric 
fluidized bed, and magnetodynamic technologies during this 
period. Oil and gas fueled generation decreases sharply from 
a combined share of 31.2 percent in 1977 to 1.8 percent in 
2020. The rapid expansion of nuclear powered generation, 
which grows from a 1977 share of 11.7 percent to 49.9 percent 
in 2020, is primarily responsible for the increase in the 
system's electrification. Almost all of the nuclear power is 
generated by LWR's with breeder reactors just beginning to 
enter the market (0.04 quads generated in 2020) after 2010. 
The share of other non-fossil based generation decreases over 
time, with the combined hydroelectric and geothermal genera- 
tion remaining constant 'at 1.33 quads from 2000 on and the 
combined generation from solar thermal, ocean thermal, wind 
power, and biomass increasing only slightly from 0.26 quads 
in 2000 to 0.71 quads in 2020. 

Non-electric suppiy Side Advanced ~echnolo~ies 

Coal-based synthetic fuels play a very significant role in 
the LEAP 'scenario, functioning along with nuclear-powered 
electricity as the replacement for domestic and imported oil 
and natural gas. Overall, the .synthetics first appear in 
2000 at a level of 12.8 quads by 2000 over a ten year period 
ahd grow at an average rate of 4.47 'per annum to 30.7 quads 
in 2020. Liquefaction plays an important. role increasing 
from 2.6 quads produced in 2000 to 11.0 quads in 2020. High 
Btu coal gas enters the scenario but at a much lower level 
reaching 2.7 quads by the end of Phe time frame. Low and 
medium Btu gas represent important indirect uses of coal in 
combined cycle electrical generation. 

Shale oil first appears in 1990 at 0.4 quads and increases 
steadily to 5.1 quads in 2020, a share of 3.0 percent of 
total primary energy.' Although also exhibiting consistent 
growth after an initial level of 0.01 quads -in 1985, direct 
use of non-fossil sources (solar and geothermal heating) does 
not play as significant a role, ultimately capturing a 1.6 
percent share of total primary energy in 2020. . 

Demand Side Analysis 

Information wao. oupplicd on the mix of fuels within three 
demand sectors : residential/commercial, industrial, and 
transportation. Over all sectors, delivered energy increases 
from 60.9 quads in 1980 to 104.3 quads in 2020, which corres- 
ponds to an average, annual growth rate of 1.4 percent. How- 
ever, of- the three sectors only the industrial sector exhi- 
bits a steady increase in the level of delivered energy. 
Within this sector delivered coal displays the most signifi- 
cant growth from a market share of 17.4 percent in 1980 
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t o  40.5  p e r c e n t  i n  2020 .Al though  d e l i v e r e d  o i l  t o  i n d u s t r y  
i n c r e a s e s  o v e r  t h i s  t i m e  p e r i o d ,  t h e  m a r k e t  s h a r e  f a l l s  f r o m  
3 4 . 1  t o  24.9 p e r c e n t .  The m a r k e t  s h a r e  o f  n a t u r a l  g a s  
d e c l i n e s  e v e n  more f r o m  36 .5  i n  1980  t o  13 .8  i n  2020. Along 
w i t h  a c h a n g e  t o  coal,  i n d u s t r i a l  s w i t c h i n g  t o  e l e c t r i c i t y  
o c c u r s  w i t h  a l e v e l  o f  2.7 q u a d s  d e l i v e r e d  (11 .4  p e r c e n t  
s h a r e )  i n  1 9 8 0  i n c r e a s i n g  t o  12 .3  q u a d s  (19 .7  p e r c e n t  s h a r e )  
i n  2020.  Direct h e a t  ( so la r ,  g e o t h e r m a l ,  b y - p r o d u c t ,  and  
c o g e n e r a t i o n )  a l s o  f u n c t i o n s ,  a f t e r  1 9 9 0 ,  as  a s u b s t i t u t e  f o r  
o i l . a n d  g a s  b u t  o n  a much more r e s t r i c t e d  l e v e l  ( 1 . 3  q u a d s  i n  
2 0 2 0 ) .  The  l e v e l  o f  d e l i v e r e d  e n e r g y  t o  t h e  r e s i d e n t i a l /  
commercial sector f l u c t u a t e s  s l i g h t l y  u p  and  down f rom 1980  
t o  2020 a n d  shows  o n l y  m o d e s t  g r o w t h  f r o m  18 .7  t o  20.1  q u a d s  
o v e r  t h e  t i m e  p e r i o d .  O i l  and  g a s ,  w i t h  a combined m a r k e t  
s h a r e  o f  75.4 p e r c e n t  i n  1980  d r o p p i n g  t o  34.1  p e r c e n t  i n  
2020 ,  are r e p l a c e d  p r i m a r i l y  by  e l e c t r i c i t y .  S o l a r  and  by- 
p r o d u c t  h e a t i n g  e n t e r  i n  2000 b u t  togetlier. o n l y  c a p t u r e  3 . 3  
p e r c e n t  o f  t h e  m a r k e t  by  2020. D e l i v e r e d  e n e r g y  l e v e l s  t o  
t h e  t r a n s p o r a t i o n  sector a l s o  f l u c t u a t e  o v e r  t i m e  be tween  a 
minimum o f  1 8 . 5  q u a d s  i n  1 9 8 0  a n d  a maximum of 22.3  q u a d s  i n  
2010. O i l  p r o d u c t s  a c c o u n t  f o r  almost a l l  o f  t h i s  w i t h  a 
small ,  r e l a t i v e l y  c o n s t a n t  c o n t r i b u t i o n  f r o m  n a t u r a l  g a s  
( b e t w e e n  2 .5  a n d  3.5 p e r c e n t  s h a r e ) .  



INTERMODEL COMPARISON OF RESULTS 

P r e l i m i n a r y  Remarks 

I n  t h e  p r e v i o u s  s e c t i o n  b r i e f  d e s c r i p t i o n s  o f  t h e  p r o j e c -  
t i o n s  . f rom e a c h  model s y s t e m  were p r e s e n t e d .  I n  t h i s  sec- 
t i o n  w e  r e l a t e  t h e  d i f e r e n c e s  i n  t h e  model r e s u l t s  t o  t h e  
d i v e r s e  s t r u c t u r a l  f e a t u r e s  o f  e a c h  model and t h e  i n f l u e n c e s  
which t h e s e  e x e r t  on  t h e i r  r e s p e c t i v e  p r o j e c t i o n s .  By com- 
p a r i n g  t h e  p r o j e c t i o n s ,  i n v e s t i g a t i v e  i s s u e s  are r a i s e d .  con- 
c e r n i n g  t h e  c o m p a r a t i v e  ' b e h a v i o r  o f .  ' t h e  models  i n  r e s p o n s e  
t o  what  is, presumably ,  a  common s e t  of  u n d e r l y i n g  assump- 
t i o n s .  The c o m p a r a t i v e  r e s u l t s  a r e  i n t e r p r e t e d  i n  terms o f  
. t h e  i n s i g h t s  which t h e y  p r o v i d e  i n t o  t h e  p r o s p e c t s  or po ten -  
t i a l  problems e n v i s i o n e d  f o r  t h e  e n e r g y  s y s t e m  o v e r  t h e  
long-run.  



Energy-GNP Rat ios  

The demand f o r  energy l a r g e l y  r e s u l t s  from t h e  demand f o r  
o t h e r  non-energy goods and s e r v i c e s .  For example, consumers 
do n o t  demand energy s p e c i f i c a l l y ,  b u t  do demand h e a t ,  a i r  
c o n d i t i o n i n g ,  mechanical  d r i v e ,  and t r a n s p o r t a t i o n .  S imi l a r -  
l y  i n  i n d u s t r y  t h e  predominant demand i s  f o r  energy s e r -  
v i c e s  such. a s  steam, p roces s  h e a t ,  mechanical d r i v e ,  and 
e l e c t r o l y t i c  r educ t ion .  

A common measure o f  t h e  aggrega te  e f f i c i e n c y  of  energy use 
i n  t h e  economy is  provided by t h e  r a t i o  of  pr imary energy 
consumption t o  t h e  c o n s t a n t  d o l l a r  va lue  of t o t a l  f i n a l  ou t -  
p u t  . , t h e  G N P ) .  While f l u c t u a t i n g  bo th  upward and 
downward i n  t h e  shor t - run ,  there has been a general.  dnwnward 
t r e n d  i n  t h i s  measure over  t h e  l a s t  t h i r t y  y e a r s .  This has  . 
occur red  even though d e l i v e r e d  energy p r i c e s  w e r e  d e c l i n i n g  
f o r  much o f  t h i s  pe r iod  i n  r e a l  terms.  Under c o n d i t i o n s  of 
r i s i n g  r e a l  energy p r i c e s ,  the,  expec t a t i on  i s  t h a t  t h e  ener -  
gy i n t e n s i t y  o f  t h e  economy should cont inue  t o  d e c l i n e  g iven  
i n c r e a s e s  i n  the ,  t e c h n i c a l  e f f i c i e n c i e s  of energy convers ion 
and end-use, t e c h n i c a l  p r o g r e s s  throughout t h e  economy, and 
s h i f t s  i n  spending and produc t ion  p a t t e r n s  away from energy.  

A f u l l y  endogenous energy-economy l inkage  i s  conta ined  on ly  
i n  t h e  BNL/DJA model. The s p e c i f i c  energy components of a l l  
f i v e  models a r e  q u i t e  s i m i l a r  i n  t h e i r  c a p a b i l i t y  t o  s u b s t i -  
t u t e  f u e l s  and r e f l e c t  t e c h n o l o g i c a l  change. The degree  t o  
which t h e  models r e p r e s e n t *  energy s e r v i c e  demands d i f f e r s ,  
however. FOSSIL2 and ETA-MACRO i n c o r p o r a t e  l i t t l e  o r  no 
s u b s t i t u t i o n ,  wh i l e  PILOT/WEM, LEAP, and BNL/DJA capture 
many more such p o s s i b i l i t i e s .  Only PILOT/WEM, ETA-MACRO, 
and BNL/DJA couple  t h e  p r i c e  o f  energy o r  energy s e r v i c e s  
back t o  an  economic model t o  a f f e c t  GNP growth. F i n a l l y ,  
o n l y  t h e  D J A  component modi f ies  s e c t o r a l  f a c t o r  demands 
endogenously i n  response t o  changes i n  r e l a t i v e  p r i c e s  o r  
nt.her v a r i a b l e s .  

The energy-GNP r a t i o s  from t h e  p r o j e c t i o n s  developed f o r  t h e  
ARC a r e  p r e s e n t e d  i n  t h e  accompanying t a b l e  and graph.  The 
FOSSIL2 and LEAP models show a cont inuous d e c l i n e  i n  t h e  
enerqy-GNP ratio over  the gcriod 1080 to 2020. Tlowevep, 
t h i s  outcome i s  on ly  p a r t i a l l y  endogenous t o  t h e s e  pro  jec-  
t i o n s  . FOSSIL2 and LEAP begin  wi th  exogenously s p e c i f i e d  
G N P  t r a j e c t o r i e s  'which s e r v e  t o  d r i v e  energy demand. A s  
r e a l  energy p r i c e s  r i s e ,  t h e r e  a r e  dampening ' r epe rcuss ions  
on t h e  growth of  energy demand .as wel l  a s  t h e  i n i t i a l  speci- 
f i c a t i o n  o f  t h e  t r e n d  i n  GNP.  The G N P  p r o j e c t i o n  was pro-  
v ided  by t h e  Data Resources,  Incorpora ted  ( D R I )  Macro- 
economic Model which, i n  t u r n ,  focuses  p r i m a r i l y  on t h e  



long-run t r e n d s  i n  f i n a l  spending p a t t e r n s  and agg rega t e  
demand behav io r .  I t  i s  t h e  combination of  t h e  exogenous GNP 
p r o j e c t i o n  and t h e  endogenous downward ad ju s tmen t s  t o  GNP 
and energy demand, as energy p r i c e s  r ise,  t h a t  l e a d s  t o  t h e  
p r o j e c t e d  d e c l i n e  i n  t h e  FOSSIL2 energy-GNP r a t i o .  

LEAP d i d  n o t  vary.  GNP growth a s  a f u n c t i o n  of  energy p r i c e  
and s o  t h e  d e c l i n e  i n  energy-GNP growth i s  a f u n c t i o n  of  the 
energy p r i c e  e l a s t i c i t y  on ly .  

A n o t i c e a b l e  f e a t u r e  o f  t h e  t r e n d  i n  t h e  energy-GNP r a t i o  
from t h e  PILOT pro jec t l ion  is  i t s  s i m i l a r i t y  t o  t h e  r e s u l t s  
o b t a i n e d  from FOSSIL2 a f t e r  1980. The two t r e n d  l i n e s  a r e  
i n t e r t w i n e d  th roughout  t h e  e n t i r e  p e r i o d  a f t e r  1980, common 
t o  ' t h e  two p r o j e c t i o n s .  Of i n t e r e s t ,  however, i s  t h a t  much 
o f  t h e  energy-economy i n t e r a c t i o n  f o r  FOSSIL2 i s  i m p l i c i t  
i n  t h e  exogenous GNP p r o j e c t i o n  whereas,  i n  PILOT, t h e  l e v e l  
o f  o u t p u t  and energy/non-energy p r i c e  and q u a n t i t y  a d j u s t -  
ments a r e  endogenous. The PPIM/WEM fo rmu la t i on  employs a 
h i e r a r c h y  o f  s u b s t i t u t i o n  f u n c t i o n s  f o r  t h e  p roduc ing  sec- 
t o r s  o f  t h e  economy and a d e t a i l e d  p r o c e s s  r e p r e s e n t a t b o n  
f o r  t h e  consumers, Given t h e  exogenous i n p u t s  and bo th  
exogenous and endogenous changes i n  r e l a t i v e  p r i c e s ,  the 
energy and economic sys tems move t o  and t h e n  a long  a new 
e q u i l i b r i u m  p a t h .  The ad justinent p roces s  i n  the producing 
s e c t o r s  is c h a r a c t e r i z e d  by on ly  one c l a s s  of  i n t e r a c t i o n s  
a s  t h e  components o f  t h i s  h i e r a r c h y  o f  f u n c t i o n s  permi t  o n l y  
pa i r -w i se  s u b s t i t u t i o n  a t  each d e c i s i o n  l e v e l .  This  s p e c i -  
f i c a t i o n  e l i m i n a t e s  t h e  p o s s i b i l i t y  o f  complementar i ty  
between i n p u t  p a i r s  i n  t h e  producing s e c t o r s .  Hence, t h e  
long-run,  dynamic e f f e c t s  o f  energy changes on producing 
s e c t o r s  o f  t h e  economy are s i m i l a r  t o  t h o s e  p rov ided  i n  
ETA-MACRO and unde r ly ing  t h e  r e s u l t s  ' of  FOSSIL2. 

The ETA-MACRO model was run  under three d i f f e r e n t  assump- 
t i o n s  concern ing  t h e  e l a s t i c i t y  o f  s u b s t i t u t i o n  (ESUB) o f  
non-energy f o r  energy i n p u t s  i n t o  t h e  p r o d u c t i o n  o f  f i n a l  
o u t p u t .  The t h r e e  v a l u e s  r e s u l t  i n  a s l i g h t l y  d i f f e r e n t  
energy p r i c e  t r a j e c t o r y  f o r  each e l a s t i c i t y  assumpt ion.  For 
a g iven  s e t  o f  energy  p r i c e  i nc r ea se s ' ,  t h e  h i g h e r  t h e  
e l a s t i c i t y ,  the e a s i e r  it i s  t o  s u b s t i t u t e  f o r  energy and 
t h e  l e s q e r  i s  t h e  e f f e c t  o f  the energy r e d u c t i o n s  on C;NP. 
For any y e a r ,  g iven  t h e  d i f f e r i n g  energy p r i c e s ,  t h e  ETA- 
MACRO model p r e d i c t s  a lower,  t o t a l ,  pr imary energy consump- 
t i o n  and a h i q h e r  GNP a s  the, e l a s t i c i t y  o f  s u b s t i t u t i o n  i s  
i n c r e a s e d .  Consequent ly ,  t h e  energy-GNP r a t i o  is lower.  To 
t h e " y e a r  2000 and f o r  t h e  d e r i v e d  energy p r i c e  changes ,  t h e  
energy-GNP r a t i o  d e c l i n e s ;  t h i s  d e c l i n e  is  a c c e l e r a t e d  the 
h i g h e r  the e l a s t i c i t y  of  s u b s t i t u t i o n .  A f t e r  t h e  y e a r  2000, 
t h e r e  i s  an endogenous s t a b i l i z a t i o n  of  r e a l  energy p r i c e s  



d e s p i t e  t h e  i n c r e a s e s  i n  t h e  costs of  imported o i l  and g a s .  
I n  p a r t ,  t h i s  is a t t r i b u t a b l e  t o  t h e  a v a i l a b i l i t y  of a  back- 
s t o p  f o r  t h e s e  f u e l s  a t  a  rough ly  c o n s t a n t  p r i c e  o v e r  t h e  
remainder  of  t h e  t i m e  h o r i z o n .  T h i s  p r i c e  s t a b i l i t y  c o n t r i -  
b u t e s  t o  t h e  r e l a t i v e l y  a c c e l e r a t e d  growth o f  a g g r e g a t e  
e n e r g y  demand from 2000 t o  2030. F u r t h e r ,  t h e r e  a r e  c o n t i n -  
ued i n c r e a s e s  i n  e l e c t r i f i c a t i o n  and s y n f u e l s  p r o d u c t i o n  
which l e a d  t o  h i g h e r  Btu i n p u t  c o n t e n t s  p e r  u n i t  o u t p u t  of  
u s e f u l  ene rgy .  These f u r t h e r  e x p l a i n  t h e  i n c r e a s e d  growth 
o f  p r imary  e n e r g y  o v e r  t h e  post-2000 p e r i o d .  However, it is 
more d i f f i c u l t  t o  e x p l a i n  t h e  r e v e r s a l s  or s h i f t s  toward t h e  
c o n s t a n c y  o f  t h e  long-run,  energy-GNP r a t i o .  These changes  
c a n n o t  be e x p l a i n e d  by a  " p u t t y - c l a y "  r e l a t i o n s h i p  between 
f a c t o r  i n p u t s  and t o t a l  o u t p u t  a s ,  presumably ,  t h e  post-1970 
v i n t a g e s  o f  c a p i t a l  i n  ETA-MARC0 become more energy  e f f i -  
c i e n t  o v e r  t i m e  under  any o f  t h e  e l a s t i c i t y  a s sumpt ions .  
The combina t ion  o f  t h e  e l a s t i c i t y  of  s u b s t i t u t i o n  magnitude I 

and t h e  " p u t t y - c l a y "  assumpt ion  r e g a r d i n g  t h e  i n p u t  r e q u i r e -  
ments  f o r  a g g r e g a t e  p r o d u c t i o n ,  govern  o n l y  t h e  r e l a t i v e  
p o s i t i o n s  ,of t h e  e n e r g y - ~ ~ p  r a t i o  t r e n d  l i n e s .  I t  is t h e  
changes  i n  r e l a t i v e  f a c t o r  p r i c e s  ( e n e r g y  and non-energy) 
t h a t  govern  t h e  t empora l  b e h a v i o r  of  t h e  r a t i o  f o r  a  g i v e n  
e l a s t i c i t y  a s sumpt ion  and,  h e r e i n ,  l i e s  t h e  e x p l a n a t i o n  f o r  
t h e  r e l a t i v e l y  s t a b l e  b e h a v i o r  of  t h e  r a t i o  a f t e r  2000. I t  
is t h e  c a s e  t h a t  t h e  MACRO component o f  ETA-MACRO is based 
on  a n  a g g r e g a t e  p r o d u c t i o n  f u n c t i o n  i n  f o u r  i n p u t s 2 - c a p i t a l ,  
l a b o r ,  e l e c t r i c  e n e r g y ,  and n o n - e l e c t r i c  ene rgy .  ~ e ~ a r a b i l i - l  
t y  is  imposed on t h e  f u n c t i o n  forming t w o  s u b a g g r e g a t e  in-  
pu t s - -aggrega te  ene rgy  and a n  a g g r e g a t e  c a p i t a l  l a b o r  in-  
p u t .  F u r t h e r ,  H a r r o d - n e u t r a l  t e c h n o l o q i c a l  chanqe is i n t r o -  
duced i n t o  t h e  f u n c t i o n  by d e s c r i b i n g  l a b o r  i n p u t s  i n  terms 
o f  e f f i c f e n c y  u n i t s .  T h i s  a s s e r t i o n  means t h a t  i f  e n e r g y  
p r i c e s  remain  r o u g h l y  c o n s t a n t  and i f  e n e r g y  and c a p i t a l  
i n c r e a s e  a t  a p p r o x i m a t e l y  t h e  same r a t e  a s  t h e  l a b o r  f o r c e  
i n d e x ,  t h e n  g r o s s  o u t p u t  a l s o  i n c r e a s e s  a t  a p p r o x i m a t e l y  
t h i s  r a t e .  A t  c o n s t a n t  e n e r g y  p r i c e s ,  t h e  combina t ion  o f  
t h e  s e p a r a b i l i t y  a s sumpt ion ,  P a r r o d - n e u t r a l i t y ,  and a  con- 
s t a n t  e l a s t i c i t y  o f  s u b s t i t u t i o n  between t h e  t w o  subaqgre-  
g a t e s  i n s u r e s  t h a t  c a p i t a l ,  l a b o r ,  e n e r g y ,  and o u t p u t  grow 
a t  t h e  same r a t e .  Hence, i t  is t h e  s p e c i f i c a t i o n  of  t h e  
p r o d u c t i o n  f u n c t i o n ,  t h e  r e l a t i v e  s t a b i l i t y  of  ene rgy  
p r i c e s ,  and the exogenous growth i n  l a b o r  c f f i c i c n k y  u n i t s  
t h a t  e x p l a i n  t h e  c o n s t a n c y  of t h e  energy-GNP r a t i o .  

The t r e n d  l i n e  f o r  t h e  -energy-GNP r a t i o  from t h e  BNL/DJA 
model sys tem behaves  q u i t e  d i f f e r e n t l y  from t h e  r e s u l t s  
o b t a i n e d  from t h e  o t h e r  models.  I n  t h e  e a r l y  y e a r s  , t o  1985,  
r e a l  ene rgy  p r i c e  changes  a r e  r e l a t i v e l y  s m a l l ,  a s  n a t u r a l  
g a s  p r i c e s  a r e  d e r e g u l a t e d  g r a d u a l l y  and d e c o n t r o l  p e r m i t s  
d o m e s t i c  o i l  p r i c e s  t o  r i se  t o  a  c o n s t a n t  , r e a l  wo'rld o i l  . 



p r i c e .  These p r i c e  changes  combined w i t h  t h e  r e l a t i v e  in-  
a b i l i t y  t o  a d j u s t  i n s t a n t a n e o u s l y  energy-producing and con- 
suming c a p i t a l  s t o c k s  r e s u l t  i n  t h e  appa ,en t  c o n s t a n c y  o f  
t h e  r a t i o .  A f t e r  1985,  when e n e r g y  p r i c e s  e x h i b i t  more 
r a p i d  upward movement and c o n s t r a i n t s  on c a p i t a l  s t o c k  turn-  
o v e r  become less r e s t r i c t i v e ,  t h e  energy-GNP r a t i o  f o l l o w s  
t h e  downward t r e n d  p r e d i c t e d  by t h e  o t h e r  models.  However, 
t h i s  d e c l i n e  b e g i n s  from a  r e l a t i v e l y  l a r g e r  v a l u e .  Thus, 
e x c e p t  f o r  t h e  ETA-MACRO ESUB=. 20 p r o j e c t i o n ,  t h e  BNL/DJA 
t r e n d  l i n e  l i e s  above t h e  o t h e r  e s t i m a t e s  t o  a p p r o x i m a t e l y  
t h e  y e a r  1995. A f t e r  t h i s  t i m e ,  t h e  BNL/DJA r a t i o  c o n t i n u e s  
i ts  downward t r e n d  b u t  a t  a slower r a t e  of d e s c e n t  a s  e n e r g y  
p r i c e  i n c r e a s e s  a r e  moderated and o t h e r  energy-economy in-  
t e r a c t i o n s  dominate  t h e  p r o j e c t i o n .  From a p p r o x i m a t e l y  2000 
t o  t h e  y e a r  2025, t h e  BNL/DNA r a t i o  l i e s  below t h o s c  of  t h e  
o t h e r  r e f e r e n c e  e s t i m a t e s  and approaches  t h a t  of che ETA- 
MACRO ESUB=.50 p r o j e c t i o n .  The p a t t e r n  o f  t h e  energy-GNP 
r a t i o  from t h e  BNL/DJA p r o j e c t i o n  s u g g e s t s  t h a t  t h e  a b i l i t y  
o f  t h e  energy  and economic sys tems  t o  a d j u s t  t o  h i g h e r  ener-  
gy p r i c e s  is t e m p o r a l l y  v a r i a b l e  w i t h  t h e  d e g r e e  of respon- 
s i v e n e s s  b e i n g  r e l a t i v e l y  l a r g e r  i n  t h e  long-run t h a n  i n  t h e  
s h o r t - r u n .  The r e d u c t i o n s  i n  t h e  l e v e l  of e n e r g y  u s e  and 
t h e  r e d i r e c t i o n  o f  t h e  s t r u c t u r e  of t h a t  u s e ,  induced by 
h i g h e r  e n e r g y  p r i c e s ,  a r e  r e l a t e d  c l o s e l y  t o  t empora l  
changes  i n  t h e  l e v e l  and p a t t e r n s  o f  economic a c t i v i t y .  
S i m i l a r l y ,  changes  i n  t h e  p a t t e r n s  of ene rgy  s u p p l y  and con- 
v e r s i o n  a r e  r e l a t e d  c l o s e l y  t o  changes  i n  t h e  u n d e r l y i n g  
economic and t e c h n o l o g i c a l  c o n d i t i o n s  a f f e c t i n g  t h e  e n e r g y  
sector. The h i e r a r c h y  o f  submodels f o r  consumption and f o r  
each  o f  t h e  p roduc ing  sectors ( e n e r g y  and non-energy a l i k e )  
i n c o r p o r a t e s  t h e  p a t t e r n s  of b e h a v i o r a l  and t e c h n i c a l  
r e s p o n s e s  obse rved  or  a t t a i n a b l e  f o r  thes'e a c t i v i t i e s .  '?'he 
endogenous i n p u t - o u t p u t  c o e f f i c i e n t s  and p a t t e r n  of house- 
h o l d  spend ing  are modeled i n  a  f l e x i b l e  manner and p r o v i d e  
f o r  b o t h  s u b s t i t u t i o n  and complementa r i ty  r e l a t i o n s h i p s  
between i n p u t s  and p r o d u c t s .  The changes  i n  f i n a l  demand 
spend ing  and p r o d u c t i o n  i n p u t  p a t t e r n s  a l l o w  t h e  p r i c e -  
induced,  ene rgy  r e d u c t i o n s  t o  be  a c h i e v e d  w i t h o u t  a  compar- 
a b l e  r e d u c t i o n  i n  t h e  l e v e l  o f  economic a c t i v i t y .  With 
p r i c e s  de te rmined  t o  c l e a r  a l l  m a r k e t s ,  t h e  changes  i n  
e x p e n d i t u r e  p a t t e r n s  have i m p l i c a t i o n s  f o r  r a t e s  of r e t u r n ,  
t h e  r a t e  of  growth of  f a c t o r  p r o d u c t i v i t i e s ,  endogenous 
t e c h n i c a l  p r o g r e s s ,  inves tment  ( s a v i n g )  b e h a v i o r  and i ts  
e f f e c t  on c a p i t a l  f o r m a t i o n  and,  t h u s ,  economic growth.  The 
endogenous dynamic e f f e c t s  which a r e  t h e  d i r e c t  r e s u l t  of 
t h e  - ( s u b s t i t u t i o n  and complementa r i ty  r e l a t i o n s h i p s  exert  
increasi-ing * i n £  l u e n c e  on t h e  e n e r g y  i n t e n s i t y  of  a g g r e g a t e  
p r o d u c t i o n .  These c u m u l a t i v e  t empora l  i n £  l u e n c e s  are 
i l l u s t r a t e d  by t h e  d e p a r t u r e  from t h e  r e f e r e n c e  energy-GNP 
r a t i o  p r o j e c t i o n s  o f  t h e  o t h e r  models i n  t h e  BNL/DJA t r e n d .  



I n  the context of the reference projections from the various 
models, the question a r i ses  as t o  the extent these s t ructur-  
a l  charac ter i s t ics  influence the resul t ing prediction of the 

\ energy-GNP r a t i o .  The answer appears mixed. For the pre- 
2000 period some of the d i f fe r ing  methodologies provide 
qui te  similar  estimates of the magnitude of and trend i n  the 
energy-GNP r a t i o .  This is largely the r e su l t  of the inher- 
ent  i n e r t i a  of the energy-utilizing capi ta l  stock captured 
by these models. The differences tha t  do ex i s t  are ex- 
plained by the a l te rna t ive  dynamic representations contained 
i n  each of the models. However, a f t e r  2000, there is a 
marked divergence i n  the reference projections for  t h i s  
measure. Such a divergence might be more eas i ly  dismissed 
i f  the period 1995 and beyond was no t  crucial  to Lachnolcry- 
i c a l  change i n  the energy system. Although the energy-GNP 
r a t i o  is only one indicator of the role of energy i n  the 
economy, these post-2000 resu l t s  cannot jus t i f iab ly  be a t -  
t r ibu ted  t o  e i the r  the presumed inab i l i ty  of the models t o  
predict  the future or the acknowledged uncertainty which 
characterizes the long-run planning horizon. Clearly, it i s  
the i n t r i n s i c  dynamic propert ies of these model systems 
which provide t h i s  divergence and it i s  these propert ies 
which merit rigorous investigation i f  such models and the i r  
projections a re  t o  be usefully applied. 
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ENERGY-GNP RATIOS* 
(Thousands  o f  B t u s  per 1972 D o l l a r ) ,  . . 

,FOSSIL2 
YEAR 

PI  LOT ETA - MACRO** 
ESUB= -20  ESUl?i= -30  ESUB= -50  

LEAP 

.-' - 
*The a c t u a l .  E ~ ; ? ~ ~ ~ - G N P  R a t i o  i n  19176 w a s  58.4  t housands  of  B tus  f o r  each  

1972 ' d o l l a r  o f  f i n a l  ou . tput .  

**The ESUB parameter i n  ETA-FACRO is an e x o g e n o u s l y - s p e c i f i e d  e l a s t i c i t y  
of s u b s t i t u t i o n  between e n e r g y  ane non-e,nergy f a c t o r s  o f  p r o d u c t  i o n .  The 
r e f e r e n c e  p r o j e c t i o n  for ETA-MACK1 is t h a t  r e p r e s e n t e d  by t t e  e l a s t i c i t y  o f  
0.30. ' R e s u l t s  are n o t  3 i r e c t l y  ~ m p a r a b l e  as each  s p e c i f  i c a t . i o n  r e f l e c t s  
s l i g h t l y  d i f f e r e n t  e n e r g y  p r i c e s .  



P r i m a r y  Ene rgy  

I n  t h e  p re -2000 ,  p e r i o d  FOSSIL2, ETA-MACRO, and  LEAP con- 
\ s i s t e n t l y  p r o j e c t  t o t a l  p r i m a r y  e n e r g y  c o n s u m p t i o n  levels  

be low t h o s e  ' o f  PILOT and  BNL/DJA. However, by  t h e  year 
2000,  t h e  BNL/DJA p r o j e c t i o n  f a l l s .  be low  a l l  o f  t h e  o t h e r s  
a n d  m a i n t a i n s  t h i s  r e l a t i v e  p o s i t i o n  t h r o u g h o u t  t h e  remain-  
i n g  f o r e c a s t  p e r i o d .  The ETA-MACRO p r o j e c t i o n  c o i n c i d e s  
w i t h  t h e  PILOT p r o j e c t i o n  o f  t o t a l ,  p r i m a r y  e n e r g y  consump- i 

t i o n  i n  2005 ( t h e  l a s t  y e a r  PPIM/WEM p r o j e c t i o n  r e s u l t s  are 
p r o v i d e d )  a n d  c o n t i n u e s  t o  y i e l d  t h e  h i g h e s t  l e v e l s  o f  p r i -  
mary e n e r g y  c o n s u m p t i o n  t h r o u g h  t h e  res t  o f  t h e  t i m e  f r ame .  
W h i l e  a l l  o f  t h e  mode l s  p r o j e c t  i n c r e a s i n g  l e v e l s  o f  p r i m a r y  
e n e r g y  c o n s u m p t i o n  o v e r  t i m e ,  t h e  ra te  o f  g r o w t h  slows s i g -  
n i f  i c a n t l y  i n  t h e  pos t -2000  p e r i o d  , f o r  al l '  o f  t h e  p r o j e c -  
t i o n s  e x c e p t  ETA-MACRO. 

I n  a l l  o f  t h e  p r o j e c t i o n s  t h e  n u c l e a r  e n e r g y  u s a g e  i n c r e a s e s  
t h r o u g h o u t  t h e  t i m e  f r a m e  b u t  shows  g r e a t e s t  g r o w t h  i n  t h e  
ETA-MACRO p r o j e c t i o n ,  p a r t i c u l a r l y  a f t e r  2000. Domestic o i l  
and  g a s  u s a g e  and  p r o d u c t i o n  d e c l i n e  c o n s t a n t l y  i n  a l l  o f  
t h e  p r o j e c t i o n s .  I m p o r t s  o f  o i l  and  g a s  d i s a p p e a r  by  2015 
i n  ETA-MACRO and  by 2005 i n  BNL/DJA.  However, t h e y  r e a p p e a r  
i n  t h e  BNL/DJA p r o j e c t i o n  f o r  2020 a n d  2025 as t h e  endogen-  
o u s  g r o w t h  p r o j e c t e d  f o r  t h e  s y n f u e l  i n d u s t r i e s  is i n s u f f  i- 
c i e n t  t o  m a i n t a i n  e n e r g y  " i n d e p e n d e n c e . "  Energy  i m p o r t s  
c o n t i n u e  t o  p l a y  a n  i m p o r t a n t  role  t o  2020 i n  FOSSIL2 a n d  
2005,  t h e  f i n a l  t i m e  p e r i o d ,  i n  PILOT, and  i n  FOSSIL2 t h e r e  
is a n - i n c r e a s e  i n  o i l  imports f r o m  2000 t o  2020 i n  FOSSIL2. 

Coal is p r o j e c t e d  t o  become t h e  d o m i n a n t  f u e l  by p l a y i n g  a n  
i n c r e a s i n g l y  i m p o r t a n t  role o v e r  t h e  e n t i r e  t i m e  h o r i z o n  f o r  
e lec t r ic  g e n e r a t i o n ,  d i r e c t  u s e ,  and  s y n t h e t i c  f u e l  p roduc -  
t i o n .  A l l  o f  t h e  model  s y s t e m s  e x c e p t i n g  PPIM/WEM p r o j e c t  
t h e  rate  o f  coal  u t i l i z a t i o n  t o  i n c r e a s e  a f t e r  t h e  y e a r  
2000. T h i s  is l a r g e l y  d u e  t o  t h e  i n c r e a s e d  r e q u i r e m e n t s  f o r  
s y n t h e t i c  f u e l s  t o  a l l e v i a t e  t h e  p e r s i s t e n t  l i q u i d s  p ro -  
blem. ETA-MACRO, FOSSILE, a n d  LEAP , pro jec t  r a t h e r  smooth  
g r o w t h  p a t h s  f o r  coal u s e .  BNL/DJA1s t r a j e c t o r y  is somewhat 
d i f f e r e n t ,  w i t h  a r a p i d  i n c r e a s e  o c c u r r i n g  i n  t h e  2000-2005 
p e r i o d  as  s y n f u e l  p r o d u c t i o n  g rows  r a p i d l y ,  a s l o w i n g  o f  , 

g r o w t h  f r o m  2005 t o  2020 a s  t h e  s y n f u e l  p r o d u c t i o n  r e s p o n d s  
t o  t h e  m a r k e t  e x p a n s i o n  l i m i t s  c a l c u l a t e d  in TESOM, and a 
r a p i d  i n c r e a s e  a g a i n  a f t e r  2020 a s  t h e s e  p e n e t r a t i o n  l e v e l s  
become less c o n s t r a i n i n g  d u e  t o  t h e  i n c r e a s e d  a t t r a c t i v e n e s s  
of t h e  i n d u s t r y .  O t h e r  n o n - f o s s i l  p r i m a r y  e n e r g y  f o r m s  grow 
s i m i l a r l y  i n  a l l  o f  t h e  p r o j e c t i o n s  a s  most o f  t h e  m o d e l s  
a d h e r e d  t o  t h e  EIA/ARC g u i d e l i n e s  o n  i m p l e m e n t a t i o n  l e v e l s  
f o r  t h e s e  t e c h n o l o g i e s .  Direct c o m p a r i s o n  i n  t h i s  c a t e g o r y  



o f  ETA-MACRO w i t h  t h e  o t h e r  models  c a n n o t  be made because  of  
t h e  p r e s e n c e  o f  t h e  u n s p e c i f i e d  backs  t o p  t echno logy  (AES ) . 
The impor tance  o f  l i q u i d  and g a s e o u s  f u e l s  o v e r  t h e  long-run 
is e v i d e n t  i n  a l l  o f  t h e  p r o j e c t i o n s .  The combined use  of  
c o n v e n t i o n a l  o i l  and g a s  and s h a l e  o i l  d e c r e a s e s  o v e r  t i m e .  
However, i n c r e a s i n g  amounts o f  c o a l  f o r  s y n t h e t i c  f u e l s  pro-  
d u c t i o n  i s  p r o j e c t e d  by a l l  o f  t h e  models.  The usage  o f  
p r i m a r y  e n e r g y  r e s o u r c e s  f o r  p roduc ing  l i q u i d s  and g a s e o u s  
f u e l s  i n c r e a s e s  c o n t i n u a l l y  i n  FOSSIL2, PILOT/WEM, and LEAP; 
usage  i n c r e a s e s  t o  a b o u t  2005 i n  ETA-MACRO, t h e n  d e c r e a s e s  
t o  2015 and rises a g a i n  t h e r e a f t e r ;  usage  i n c r e a s e s  t o  1990 
i n  t h e  BNL/DJA p r o j e c t i o n ,  t h e n  d e c r e a s e s  t o  2000 and rises 
c o n t i n u a l l y  t o  2025. I n  b o t h  ETA-MACRO and BNL/DJA, u n l i k e  
t h e  o t h e r  p r o j e c t i o n s ,  p r imary  r e s o u r c e s  p r o v i d i n g  l i q u i d s  , 
and g a s e s  d e c l i n e  d u r i n q  a p h a s e  of  t h e  t i m e  h o r i z o n  b u t  
r e t u r n  t o  a p p r o x i m a t e l y  t h e i r  1990 l e v e l s  by t h e  y e a r  2025. 
However, u s e  o f  t h e  b a c k s t o p  t echno logy  i n  ETA-MACRO 
i n c r e a s e s  r a p i d l y  i n  t h e  post-2000 p e r i o d .  T h i s  b a c k s t o p ,  
b e i n g  unspec i ' f i ed  i n  n a t u r e ,  c o u l d  be  c o n t r i b u t i n g  t o  o r  
d i s p l a c i n g  l i q u i d s  and g a s e s  i n  t h e  system. 



CROSS MODEL COMPARISON 

DOMESTIC PRIMARY ENERGY USAGE 
( Q u a d r i l l i o n  B t u )  

YEAR - F O S S I L 2  PILOT/WEM . ETA/MACRO BNL/DJA LEAP 

1 9 8 0  8 6  87 8 1  86 78 

, .  1 9 8 5  9 2  9 8  9 1  104,  88 

1 9 9 0  1 0 1  1 0 6  1 0 1  1 1 2  9 8  

1 9 9 5  110  1 1 9  1'1 0  1 1 5  111 

2000 119  . 1 2 9  1 2 1  117 122 .  

20'05 1 3 1  1 3 8  1 3 8  1 2 5  134  



CROSS MODEL COMPARISON 

TOTAL PRIMARY RESOURCE CONSUMPTION 

ETA-MACRO. 
8 1 1 8 1  P I LOT 

YEARS. 
Figure  26 
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PRIXARY COAL DOTIEST1 C CONSUPIPTION 

FOSS 1 ~ 2  

ETA-MACRO -@ - 
P I LOT o e a a m  

BNL/DJA ------ 

YEARS 

Figure 27 



R o l e  .'of A 1  t e r n a t i v e  E l e c t r i c  G e n e r a t i o n  
T e c h n o l o g i e s  

The  i n t e r m o d e l  compar i son  o f  e l ec t r i c  g e n e r a t i o n  demon- 
s t ra tes  b a s i c  q u a 1  i t a t i v e  a g r e e m e n t  among a l l  f o u r  p a r t i c i -  
p a t i n g  model  s y s t e m s .  The m a g n i t u d e s  o f  e lec t r i c  g e n e r a t i o n  
a n d  m a r k e t  s h a r e s  d i f f e r ,  r e f l e c t i n g  d i f f e r e n c e s  i n  t h e  mag- 
n i t u d e  o f  t h e  energy-economy i n t e r a c t i o n s  and  d i f f e r i n g  mod- 
e l  s t r u c t u r e s .  S e v e r a l  c o n s i s t e n t  t r e n d s  f o r  e l e c t r i f i c a -  
t i o n  c a n  b e  d e r i v e d  f rom a l l  o f  t h e  p r o j e c t i o n s :  

The e n e r g y  s y s t e m  is moving toward  electri-  
f i c a t i o n  o v e r  t h e  e n t i r e '  t i m e  h o r i z o n .  The 
rate  is f a s t e r  f o r  t h e  pre-20'00 p e r i o d  t h a n  
f o r  t h e  pos t -2000  p e r i o d ,  This rate par- 
t i a l l y  r e f l e c t s  t h e  more r a p i d  i n c r e a s e s  i n  
t h e  pre-2000 p e r i o d  o f  o i l  costs and  conse-  
q u e n t  r e t i r e m e n t  or r e d u c t i o n  to  c y c l i n g  
p l a n t s  o f  o i l  s t e a m  e lec t r ic  g e n e r a t i o n  
p l a n t s  t h a n  i n  t h e  pos t -2000  p e r i o d .  Elec- 
t r i f i c a t i o n ,  measured  b y  t h e  r a t i o  o f  i n p u t s  
t o ,  e l e c t r i c i t y  g e n e r a t i n g  p l a n t s ,  v e r s u s  
t o t a l  p r i m a r y  e n e r g y ,  is p r o j e c t e d  t o  b e  
be tween  4 0  and  50 p e r c e n t  by t h e  y e a r  2020. 

N u c l e a r  p l a n t s  show' t h e  most r a p i d  i n c r e a s e  
c a p t u r i n g  a t  l e a s t  25 p e r c e n t  o f  t h e  elec- 
t r i c  g e n e r a t i o n  m a r k e t  b y '  t h e  y e a r  2000. 
The m a r k e t  s h a r e  f o r  n u c l e a r  e l e c t r i c i t y  is 
lowest f o r  t h e  BNL/DJA s y s t e m  r e f l e c t i n g  
l i m i t a t i o n s  placed on n11c1 e a r  . g e n e r a t i o n  
s t o c k  f o r  e lect r ic  generation. 

A l l  mode l s  p r o j e c t  t h a t  e lec t r ic ,  c o a l  con- 
v e r s i o n  t e c h n o l o g i e s  w i l l  c o n t i n u e  t o  p l a y  a 
dominan t  role i n  t h e  e n e r g y  s y s t e m  with con- 
v e n t i o n a l  c o a l  steam e l ec t r i c  showing con- 
t i n u e d  g r o w t h  t o  a p p r o x i m a t e l y  1995  when . t h e  
advanced  coal t e c h n o l o g i e s  ( e  .g. , f l u i d i z e d  
bed  c o m b u s t i o n ,  d i s t r i c t  h e a t i n g )  s l o w ,  and  
e v e n t u a l l y  8 t o p  ,, t h e  g r o w t h  o f  c o i ~ v e n t i o n a l  
coal st.eam e'lectric p l a n t s .  

Advanced non-f oss i l  e lec t r i c  g e n e r a t i o n  
t e c h n o l o g i e s  ( e . g . ,  solar  t h e r m a l ,  f a s t -  ' 

b r e e d e r )  make m i n o r  i m p a c t s  o n  t h e  o v e r a l l  
s y s t e m  s i n c e  t h e y  u ~ u a l l y  a c c o u n t  f o r  less 
t h a n  o n e  p e r c e n t  o f  t h e  t o t a l  g e n e r a t i o n  ca- 
p a c i t y .  



The precise mix and timing of e l e c t r i c  generation technolo- 
gies  for  each model depends primarily on the mathematical 
construct of the model. Those which know and f u l l y  u t i l i z e  
the f i r s t  date of ava i l ab i l i ty  ' of new technologies i n  the 
future and the price/quanti ty . t r a j ec to r i e s  of fuels  ( e  .g . , 
PILOT, ETA-MACRO, LEAP) show a  more rapid t rans i t ion  t o  ad- 
vanced coal-based and nuclear technologies than those which 
exhibit  simulation q u a l i t i t e s  (FOSSIL2,  B N L ~ D J A )  . The de- 
gree of e l ec t r i f i ca t ion  for the ETA-MACRO and PILOT models 
is  a t  a  lower level  than fo r  FOSSIL2 o r .  BNL/DJA for  the pre- 
1995 period. In ETA-MACRO stock in  place i n  1970 i s  r e t i r ed  
a t  4 percent per year and dominates the solution behavior 
through 1995. ' For PILOT a l l  ins ta l led  capacit ies may be re- 
t i r e d  pr ior  t o  the end of t h e i r  economic l i f e .  In general,  
i n s t a l l ed  capacity in  the LEAP model cannot be e f fec t ive ly  
r e t i r ed .  I n  both of these dynamic models, the m i x  of gener- 
a t ion technologies i s  p a r t i a l l y  influenced by the i n i t i a l  
stock being economically competitive. .TESOM (BNL/DJA) ,  l i k e  
PILOT,  permits premature retirement of ins ta l led  capacity i f  
the objective warrants 'it as ' does FOSSI.L2. One major model- 
ing difference which influences the quantity of capacity in- 
s t a l l ed  is  the way i n  which load duration characterist . ics of 

/ 

demands are  incorporated within each model s t ructure .  Only 
LEAP and the BNL/DJA model system incorporate load duration 
charac ter i s t ics .  This a f fec t s  the m i x ,  time of i n s t a l l a -  
t ion ,  and use (e.g. ,  baseload, peaking) of the conversion 
devices. 

The price of delivered e l e c t r i c i t y  shows very l i t t l e  consis- 
tency across models. FOSSIL2 projects  a  smoothly increasing 
e l e c t r i c  pr ice  t ra jec tory  ref lect ing the charac ter i s t ics  em- 
bodied in  the slaw retirement of o i l  steam e l e c t r i c  plants .  
The pr ice  is  l a t e r  moderited by the increasing share of nuc- 
l ea r  and other coal-based advancqd technologies. 

The pr ice  behavior fo r  ETA-MACRO and PILOT/WEM i s  a t t r ibu ta -  
b le  t o  the combination of inheri ted central  s t a t ion  stock 
which cannot be re t i red  and the model s t ructures  which in- 
corporate knowledge of future resource a v a i l a b i l i t i e s  and 
pricelquanti ty relat ionships which act  to  eventually reduce 
the average delivered price of e l e c t r i c i t y  and l a t e r  s ta -  
b i l i z e  it. 

The cyc l ic  e l e c t r i c  price behavior for the B N L ~ D J A  model 
system,can be accounted for as follows. The investments for  
o i l  steam e l e c t r i c  plants in  the early periods and 'the esca- 
l a t ing  o i l  and gas pr ices  account for the f i r s t  increasing 
segment t o  1990. The retirement of older o i l  and gas burn- 
ing vintage stock and replacement with more e f f i c i e n t  coal 
burning technologies and increased nuclear generation a c t  



' t o  r e d u c e  t h e  p r i c e  o f  d e l i v e r e d  e l e c t r i c i t y  t h r o u g h  y e a r  
2005. The s e c o n d  i n c r e a s i n g  cost segment  arises w i t h  t h e  
f o r c e d  i n t r o d u c t i o n  o f  advanced,  c o s t l y ,  e lectr ic g e n e r a t i o n  
d e v i c e s  c o u p l e d  w i t h  r i s i n g  r e s o u r c e  p r i c e s .  

i 

The LEAP model h a s  a f a r s i g h t e d  and g e n e r a l  e n e r g y  e q u i l i -  
b r ium s t r u c t u r e  t h a t  is u n i q u e  among t h e  f i v e  models  i n  t h e  
s t u d y .  The smooth and v.ery g r a d u a l  i n c r e a s e  i n  t h e  d e l i v e r -  
e d  p r i c e  o f  e l e c t r i c i t y  e x h i b i t e d  i n  t h e  model c a n  be a t t r i -  
bu ted '  t o  t h i s  s t r u c t u r e  and t h e  mode o f  h i g h  s e n s i t i v i t y  t o  
price c h a n g e s  u n d e r  which t h e  s c e n a r i o  w a s  run .  



YEAR 

Figure 28 



Electric Generation, 1990 
(Quadrillion Btu) 

PILOT 

Total Coal 6.63 
Conventional Coal 6.63 
Coal Combined Cycle 
Coal FBC 
Coal Steam/DB 
Coal Combined Cycle/DY 
Coal FBC/COG 
Other Coal Electric 

Total Oil l.oab 
I Oil Steam 
\D 
0 

Oil Combined Cycle . 

Oil-Coal Steam 
I Gas Turbine 

Total Energy System . 
Oil Steam/DH 
Oil Combined Cycle!DH 
Oil Steam/COG 

. Gas l?urbine/COG 
Fuel Cell 
Other Oil Electric 

ETA-MACRO LEAP 

dIncludes electricity generated by burning wood .in coal steam plants. 
b~ncludes all adva3ced non-fossil sources of electricity except solar. 
c~ncludes both oil and natural gas sources of electricity. 



E l e c t r i c  G e n e r a t i o n ,  1 9 9 0  (Cont . . )  
( Q u a d r i l l i o n  B t u )  

PILOT FOSSIL2 BNL/DJA ETA-MACRO LEAP 

T o t a l  Gas 
G a s  S team 
G a s  T u r b i n e  
T o t a l  Enegy S y s t e m  
G a s  Steam/DH 
G a s  Steam/COG 
G a s  Turbine/COG 
F u e l  C e l l  
O t h e r  G a s  E l e c t r i c  

T o t a l  N u c l e a r  2 .91 3.0 
LWR - 2 .91  
LMFBR 
O t h e r  N u c l e a r  E l e c t r i c  

H y d r o e l e c t r i c  a n d  G e o t h e r m a l  1.06 : 1.2  

S o l a r  E l e c t r i c  

O t h e r   on-~ossil Electr ic  
Wind Ene rgy  S y s t e m  
P h o t o v o l t a i c  
Ocean  The rma l  
Biomass  E l e c t r i c  
O t h e r  N o n - F o s s i l  

T o t a l  E l e c t r i c  G e n e r a t i o n  11 .61  , - 1 2 . 2  13 .10  10 .92  1 2 . 3  



Electric Generation, 2000 
(Quadrillion Btu) 

. *  r l C  

PILOT FOSSIL2 BNL/DJA ETA-MACRO LEAP 

Total Coal 
Convent ional Coal 
Coal Combined Cycle 
Coal FBC 
Coal Steam/DH 
Coal Combined Cycle/DH 
Coal FBC/DH 
Coal Steam/COG 
Coal FBC/COG 

- 
Other Coal Electric 

I 

a 
N 

Total Oil 
Oil Steam 

I Oil Combined Cycle 
Oil-Coal Steam 
Gas Turbine 
Total Energy System 
Oil Steam/DH 
Oil Combined Cycle/DH 
Oil Steam/COG 
Gas TurbineiCOG 
Fuel Cell 
Other Oil Electriz 

dIncludes electricity generate6 by burning wood in coal steam plants, 
b~ncludes all ad;ran,zed non-fossil 5ource.s of electricity except solar. 
C~ncludes.both oil and natural gas'sources of electricity. 



E l e c t r i c  G e n e r a t i o n ,  2000 ,(Cant.) 
( Q u a d r i l l i o n  B t u )  

PILOT FOSSIL2 BNL/DJA ETA-MACRO LEAP 

T o t a l  G , a s  
G a s  Steam 
G a s  T u r b i n e  
T o t a l  Enegy Sys t em 
G a s   team/^^; - . 

G a s  S t e a m / C O G  
G a s  Turbine/COG 
F u e l  C e l l  
O t h e r  G a s  E l ec t r i c  

T o t a l  N u c l e a r  4.37 5.0 
LWR 4.37 5.0 
LMFBR 
O t h e r  N u c l e a r  Electr ic  

~ ~ d r o e l e c t r i c  a n d  G e o t h e r m a l  1 .09 1 .4 .  

S o l a r  E l e c t r i c  0 .05 0 .03  

O t h e r  Non-Fos s i l  E l e c t r i c  0 .13 
Wind Ene rgy  S y s t e m  0.03 
P h o t o v o l t a i c  
Ocean  T h e r m a l  
Biomass  E l e c t r i c  0 . 1  
O t h e r  N o n - F o s s i l  

T o t a l  E l e c t r i c  G e n e r a t i o n  1 4 . 5 1  15.56 1 6 . 2 3 .  14 .63  17 .77  

" I n c l u d e s  solar  t h e r m a l .  



E l e c t r i c  G e n e r a t i o n ,  2010 
( Q u a d r i l l i o n  B t u )  

PILOT FOSSIL2 BNL/DJA ETA-MACRO LEAP 

T o t a l  Coal 10.0  11.5ga 11 .10  11.00 
C o n v e n t i o n a l  Coal . . 6 . 3  4 .47a  4.85 5.20 
Coal Combine3 CycLe . 3.2 3.00 6.25 3.50 
Coal FBC 0 . 6  1 . 0 2  1 .20  
Coal Steam/DH 0 . 5 1  
Coal Combined Cycle/DH 
Coal FBC/DH 
Coal Steam/COG 1 . 5 7  
Coal FBC/COG 1 . 0 2  
O t h e r  C o a l  E l e c t r i c  

I 

w T o t a l  O i l  
P O i l  S team 
I O i l  Combined C y c l e  

O i l - C o a l  S t eam 
G a s  T u r b i n e  
T o t a l  Ene rgy  Sys t em 
O i l  Steam/DH 
O i l  Combined Cycle/DE 
O i l  Steam/COG 
G a s  Turbine/COG 

- F u e l  C e l l  
O t h e r  O i l  E l e c z r i c  

d I n c l u d e s  e lec t r i c i ty  g e n e r a t e d  by b u r n i n g  wood i n  coal steam p l a n t s .  



E l e c t r i c  G e n e r a t i o n ,  2010 ( C o n t . )  
( Q u a d r i l l i o n  B t u )  

PILOT FOSSIL2 BNL/DJA . ETA-MACRO LEAP 

T o t a l  G a s  
G a s  S t e sm 
G a s  T u r b i n e  
T o t a l  Enegy Sys t em 
G a s  Steam/DH 
G a s -  Steam/COG 
G a s  ~ u r b i n e / ~ b ~  
F u e l .  C e l l  
O t h e r  G a s  E l e c t r i c  

T o t a l  N u c l e a r  
LWR 
LMFBR 
O t h e r  K u c l e a r  E l e c t r i c  

~ ~ d r o e l e c t r i c  a n d  G e o t h e r m a l  1 . 5  

S o l a r  E l e c t r i c  0 .1  0 .56 0.0 

O t h e r  N o n - F o s s i l  Electric 
Wind Ene rgy  S y s t e m  
P h o t o v o l t a i c  
Ocean  T h e r m a l  
Biomass  E lec t r ic  
O t h e r  Won-Foss i l  

T o t a l  E+ee;gric G e n e r a t i o n  19 .9  20.18 23.20 22.67 

d I n c l u d e s  so la r  t h e r m a l .  



E l e c t r i c  G e n e r a t i o n ,  2020 
( Q u a d r i l l i o n  B t u )  

P I L O T  

T o t a l  C o a l  
C o n v e n t i o n a l  C o a l  
C o a l  C o m b i n e d  C y c l e  
C o a l  FBC 
C o a l  S t e a m / D H  
C o a l  C o m b i n e d  C y c l e / D H  
C o a l  FBC/DH 
C o a l  S t eam/COG 
C o a l  FBC/COG 

- I  O t h e r  C o a l  E l e c t r i c  
w 
a T o t a l  O i l  
I O i l  S t e a m  

O i l  C o m b i n e d  C y c l e  
O i l - C o a l  S t e a m  
G a s  T u r b i n e  
T o t a l  E n e r g y  S y s t e m  
O i l  S t e a m / D H  
O i l  c o m b i n e d  Cycle!DB 
O i l  S t e a m / C O G  

, G a s  T u r b i n e / C O G  
F u e l  C e l l  
O t h e r  O i l  E 1 e c t r l . c  

LEAP 

a~rmcludes e l e c t r i c i t y  generated by burn ing  w o o d  i n  coal s t , e a m  p l a n t s .  



E,lectric G e n e r a t i o n ,  2020 (Con t . )  
( Q u a d r i l l i o n  B t u )  

PILOT FOSSIL2 BNL/DJA ETA-MACRO LEAP 

T o t a l  das. 0.1 0.29 
G a s  Steam 0.15' 
G a s  T u r b i n e  0.14 
T o t a l  'Enegy System 
G a s  Steam/DH 
G a s  Steam/COG 
G a s  Turkaine[COG . 
F u e l  C e l l  
Ot 'her  G a s  Electric 

T o t a l  Nuc lea r  
I LWR 

4 
LMFBR 
~ t h e r ' . ~ u c l e a r  Electric 

I 

~ y d s o e l e c t r i c  and Geothermal  1.6 .1 .89 2.39 1 .33  

S o l a r  ' ~ l e c t r i c  

O t h e r  Non-Foss i l  Electr ic  
Wind.Energy System 
Pho tovo l  t a i c  
Ocean Thermal  
Biomass E l q c t r i c  
O t h e r  Non-Fossi l  

' T o t a l  ~ l e c t r i c  G e n e r a t i o n  23.0 23.59. 28.45 27.53 
' , -' V Y  

a I n c l u d e s ' a l l  advanced n o n - f o s s i l  s o u r c e s  of  e l e c t r i c i t y  e x c e p t  solar.  
b ~ n c l u d e s  solar  t h e r n a l .  



R o l e  o f  S y n t h e t i c  T e c h n o l o g i e s '  

The p r i m a r y  role o f  coa l -based  s y n t h e t i c s  is  c o n s i s t e n t  
a c r o s s  a l l  mode l s ,  t h a t  of  s u b s t i t u t i o n  f o r  o i l  , and  g a s  
i m p o r t s .  The magn i tudes ,  l e v e l  o f  d e t a i l ,  and f i r s t  d a t e s  
o f  i n t r o d u c t i o n  d i £ f e r  a c r o s s  models  depend ing  on  t h e  math- 
e m a t i c a l  c o n s t r u c t  of  t h e  model sys t em.  

ETA-MACRO, PILOT, and LEAP show n e a r l y  i d e n t i c a l  t r e n d s  f o r  
s y n t h e t i c  g e n e r a t i o n  i n  t h e  pos t -1995 p e r i o d  p r o j e c t e d  
w h i l e  FOSSIL2 and BNL/DJA show s i m i l a r  b e h a v i o r  t o  y e a r  
2005. The s imi la r i t i e s  i n  t h e s e  t r e n d s  are dominated  by 
t h e  f a r s i g h t e d n e s s  o r  s i m u l a t i o n  c o n s t r u c t s  o f  t h e  model 
f o r m u l a t i o n s . .  

The BNL/DJA s y n t h e t i c s  p r o d u c t i o n  g rowth  ra te  i s  s u b s t a n -  
t i a l l y  lower t h a n  FOSSIL2 i n  t h e  y e a r s  2005 t o  2015. The 
i n v e n t o r y  o f  o l d e r  s t o c k ,  t h e  a s s o c i a t e d  c a p i t a l  costs 
i n c u r r e d  i n  p r e v i o u s  p e r i o d s ,  and t h e  r educed  growth  r a t e  
i n  t h e  cost  o f  c r u d e  o i l  s e r v e  t o  modera te  t h e  p r e s s u r e  f o r  
s u b s t a n t i a l  a d d i t i o n s  t o  c o a l  s y n t h e t i c s  p r o d u c t i o n  c a p a c i -  
t i e s  f o r  BNL/DJA. The long- t e r m  t r e n d s  (pos t -2015 p e r i o d )  
a c r o s s  t h e  t w o  models  show p a r a l l e l  b e h a v i o r .  

S i n c e  ETA-MACRO h a s  o n l y  one  c a t e g o r y  f o r  coal s y n t h e t i c s  
which i t  f i r s t  i n t r o d u c e s  i n  1990,  it is d i f f i c u l t  t o  know 
wha t  t h e  d i v i s i o n s  are between s y n t h e t i c  g a s  and l i q u i d s .  
I t  a p p e a r s  r e a s o n a b l e  t o  assume t h a t  a t  leas t  some p o r t i o n  
o f  i t  must  b e  l i q u i d s  s i n c e  t h e  o t h e r  f o u r  models  p r o j e c t  
t h e  need f o r  coal l i q u i d s  s t a r t j n g  between 1990 and 2005. 
The da t e  o f  i n t r o d u c t i o n  of all cual s y n t h e t i c  t e c h n o l o g i e s  
by PILOT is a f f e c t e d  ngt o n l y  by its cost  e f f e c t i v e  d a t e  
b u t  a l s o  by t h e  impor t - expor t  t r a d e  b a l a n c e  c o n s t r a i n t .  
Methanol  is t h e  f i r s t  coa l -based  s y n t h e t i c  t o  be i n t r o d u c e d  
i n  b o t h  FOSSIL2 (1980)  and BNL/DJA ( 1 9 9 0 ) .  Methanol  d o e s  
n o t  a p p e a r  e x p l i c i t l y  i n  t h e  o t h e r  models .  The l e v e l  of  
me thano l  p r o d u c t i o n  s t a b i l i z e s  by 1990 i n  FOSEJLt2, whereas 
t h e  me thano l  p r o d u c t i o n  p r o j e c t e d  by BNL/DJA c o n t i n u e s  t o  
grow t h r o u g h  2025 making a s u b s t a n t i a l  impac t  on t h e  demand 
f o r  mot ive  power i n  t h e  l o n g  t e r m .  

Hiqh Btu  coal g a s  i s  projected fur ear l icsk  i n t r o d u c t i o n  by 
t h e  BNL/DJA s y s t e m  (1985)  b u t ,  t h e r e a f t e r ,  BNL/DJA e x h i b i t s  
t h e  s l o w e s t  g rowth  f o r  t h i s  t e c h n o l o g y  among t h e  f o u r  mod- 
els .  The lower h i g h  Btu c o a l  g a s  p r o d u c t i o n  growth  rate  
f o r  BNL/DJA r e s u l t s  f rom t h e  cost e f f e c t i v e n e s s  o f  a l t e r n a -  
t i v e '  c o a l  s y n t h e t i c  t e c h n o l o g i e s  ( e  .g., coal l i q u i d s ,  coal 



methanol ,  medium Btu c o a l  g a s ) .  Medium Btu c o a l  g a s  is t h e  
p r e f e r r e d  o p t i o n  f o r  i n d u s t r i a l  and u t i l i t y  u s e s ,  methanol  
f o r  mot ive  power and c o a l  l i q u i d s  s u b s t i t u t e  f o r  o i l .  Both 
methanol  and c o a l  l i q u i d s  a c t  t o  s u b s t i t u t e  f o r  impor ted  o i l  
i n  t h e  BNL/DJA system. S i m i l a r l y  t h e  LEAP r u n  c o n c e n t r a t e s  
most o f  i t s  r e l a t i v e l y  e x t e n s i v e  s y n f u e l  growth i n  t h e  
l i q u e f a c t i o n  and medium Btu g a s i f i c a t i o n  t e c h n o l o g i e s  r a t h e r  
t h a n  h i g h  Btu g a s i f i c a t i o n .  

F i n a l l y ,  t h e  s t e a d i l y  i n c r e a s i n g  r a t i o  o f  p r imary  o i l  equi -  
v a l e n t s  f o r  mot ive  power t o  t o t a l  pr imary  o i l  i n d i c a t e s  t h a t  
l i q u i d s  a r e  n o t  o n l y  a  s h o r t - t e r m  b u t  a l s o  a  long-term ener-  
gy problem. F o r  ETA-MACRO, t h e  l a r g e  energy  gap  s a t i s f i e d  by 
* c o a l  s y n t h e t i c s  and a n  u n i d e n t i f i e d  " b a c k s t o p n  t echno logy  
a l s o  p o i n t  t o  t h e  p e r s i s t e n t  problem l i q u i d s  a r e  l i k e l y  to  
c o n s t i t u t e  i n  t h e  long  t e r m .  



FIRST COMPETITIVE YEAR FOR SYNTHETIC FUEL PRODUCTION ' ' 

Coal & i q u i d s  . . 2000 1990  2005 1990a. 2000 - .  
Methanol 1980 1990 , . . 

High Btu Coal Gas 1995 2000 

Medium ,Btu  Coal Gas 1.995 . 

S o l i d  Waste to : 

S o l i d  F u e l  

S o l i d  Waste to  
Gaseous F u e l .  

  ETA-MACRO i n c o r p o r a t e s  one  t e c h n o l o g y  r e p r e s e n t i n g  all 
coal s y n t h e t i c s .  



CROSS MODEL COMPARISON 

RATIO: PRIMARY OIL EQUIVALENTS FOR MOTIVE POWER TO TOTAL 
PRIMARY  OIL^ 

Year FOSSIL2 PI LOT ETA/MACRO BNL/DJA~ LEAP - - 
1980 * 0.59 0.45 

Ratio for 1977: 0.55 \ 

*Insufficient Data Available 

a The ratio measures the ratio of primary oil equivalents 
of liquids to transportation versus the total primary oil 
available from domestic crude production, oil imports and oil 
shale. Values greater than one are possible when coal liquid 
synthetics are produced to supplement other conventional bil 
product ion. 

Fractions greater than 1.0 indicate use of synthetic 
liquid substitutes. 



SYNTHETIC FUEL PRODUCTION, 1990 
(Quadrillion Btu) 

PILOT FOSSIL2 BNL/DJA ETA-MACRO LEAP 

Coal Liquids 0.0 0.1 0.0 0.0 

Methanol 0.5 0.1 

High Btu Coal Gas 0.0 0.0 0.1 

Medium Btu Coal Gas 0.0 0.4 

Total Coal 
SynLlletics 0 .O 0 .6 0;6 O.Sa 0.0 

Solid Waste to 
Solid Fuel 

Solid Waste to 
Gaseous Fuel 

AES 0.0 
Total Synthetic 
Production 0.0 0.6 0.6 0.5 0.0 

a E T ~ - ~ ~ C ~ O  incorporates one technology reprcaenting 
all coal synthetics. 



SYNTHET.IC FUEL PRODUCTION, 2000 
(Quadrillion ,Btu) 

PILOT, FOSSIL2 BNL/DJA ETA-MACRO - LEAP 
Coal Liquids . 3.7 1.4 0.0 2.6 

Methanol 0.5 1.3 

High Btu Coal Gas 1.6 0.3 0.1 0.4 

Medium .Btu Coal Gas 1.5 1.3 9.8 
d 

Total Coal . \ 

Synthetics 5.3 3.7 2.7 , 8.3a 12.8 , i 
Solid Waste to 
Solid Fuel 

Solid Waste to I 

Gaseous Fuel 

AES 2.6 . 1 , 

Total Synthetic 
Product ion 

aETA-MACRO incorporates one technology representing 
all coal synthetics. 



SYNTHETIC FUEL PRODUCTION, 2010 
(Quadrillion Btu) 

PILOT 

Coal Liquids 

Methanol 

High Btu Coal Gas 

Medium Btu Coal Gas 

Total Coal 
Synthetic 

Solid Waste to 
Solid Fuel 

Solid Waste to 
Gaseous Fuel 

AES 

Total Synthetic 
Production 

FOSSIL2 . BNL/DJA ETA-MACRO - LEAP 
- 

4.6 2.6 7.2 

0.5 3.4 

1.4 0.3 1.6 

4.8 2.7 14.2 

a ~ ~ ~ - M A C ~ O  incorporates one technology representing 
all coal synthetics. 



SYNTHETIC FUEL PRODUCTION, <2020 
( Q u a d r i l l i o n  B t u )  

PILOT FOSSIL2 BNL/DJA ETA-MACRO - LEAP 

Coal L i q u i d s  8.0 

Methanol  0.5 

' High B t u  Coal G a s  6.6 

~ e d i u m  Btu Coal G a s  4.5 

T o t a l  Coal 
S y n t h e t i c  

S o l i d  Waste t o  
S o l i d  F u e l  

S o l i d  Waste t o  
Gaseous F u e l  

AES 

T o t a l  s y n t h e t i c  
p r o d u c t  i on '  

I .  

a ~ ~ ~ - ~ ~ C ~ O  i n c o r p o r a t e s  one  t e c h n o l o g y  r e p r e s e n t i n g  
a l l '  coal s y n t h e t i c s .  

-J 



SY!?THETI C FUEL PRODUCTIOIi 

YEARS 
F i g u r e  29 



MAJOR CONCLUSIONS 

I n  p r o j e c t i n g  t h e  long-term s t a t e  and e v o l u t i o n  of  t h e  
n a t i o n ' s  ene rgy  and economic sys tems ,  t h e  E I A  h a s  r ecogn ized  
t h e  p o t e n t i a l  u t i l i t y  of s e v e r a l  energy-economy models ,  each  
w i t h  unique ,  s t r u c t u r a l  r e p r e s e n t a t i o n s  and v iews o f  t h e  
same u n d e r l y i n g  sys tems.  Given t h e  acknowledged u n c e r t a i n -  
t ies  i n h e r e n t  i n  long- term p r o j e c t i o n s ,  t h i s  compara t ive  
a s s e s s m e n t  is  mot iva ted  by E I A ' s  i n t e r e s t  i n  a d d r e s s i n g  two 
s p e c i f i c  i s s u e s .  The f i r s t  is  t h e  d e g r e e  t o  which t h e  com- 
b i n a t i o n  of  t h e  assumpt ions  and t h e  s t r u c t u r e  and c o n t e n t  of 
e a c h  methodology i n £  1uence.s t h e  p r o j e c t i o n s  o b t a i n e d .  , The 
second is  t h e  examina t ion  o f  a t t a i n a b l e  p a t t e r n s  ,of f u t u r e  
energy  s u p p l y ,  c o n v e r s i o n ,  and end-use which,  i n  t u r n ,  de- 
pends  on t h e  i n t e r a c t i o n s  o f  t h e  assumpt ions  and t h e  a l t e r -  
n a t i v e  s t r u c t u r a l  v iews of  t h e  energy  and economic sys tems.  

S e v e r a l  ma jo r  c o n c l u s i o n s  dominate  t h e  comparison of  t h e  
a l t e r n a t i v e  p r o j e c t i o n s  of  t h e  e v o l v i n g  U.S. ene rgy  and eco- 
nomic systems'. I n  each  p r o j e c t i o n ,  c e r t a i n  t r e n d s  a r e  i n  
e v i d e n c e  which form a  consensus  among . t h e  r e s u l t s  from t h e  
v a r i o u s  models.  ' 

There  is c o n t i n u e d  p o s i t i v e  growth i n  t o t a l ,  p r imary  energy  
consumption i n  s p i t e  of  t h e  c o n t i n u o u s  e s c a l a t i o n  of  t h e  
r e a l  p r i c e s  of  p r imary  r e s o u r c e s .  Though t h e  l e v e l s  and 
p a t t e r n s  o f  growth d i f f e r  among t h e  p r o j e c t i o n s ,  t h e r e  is no 
e v i d e n c e  o f  a n  a s y m p t o t i c  upper  l i m i t  f o r  p r imary  e n e r g y  
consumption through t h e  f i r s t  q u a r t e r  of t h e  n e x t  c e n t u r y .  

From t h e  p r o j e c t i o n s ,  t h e r e  is  a l s o  t h e  i m p l i c a t i o n  t h a t  
l i q u i d s  c o n s t i t u t e  b o t h  a  s h o r t -  and long-te'rm energy  pro-  
blem f o r  t h e  United S t a t e s .  I n  t h e  FOS'SIL2 and PIUOT est i-  
mates ,  o i l  i m p o r t s  c o n t i n u e  t o  p r o v i d e  a  s i g n i f i c a n t  f r a c -  
t i o n  o f  t h e  t o t a l  l i q u i d s  demand t o  t h e  end o f  t h e i r  respec-  
t i v e  t i m e  h o r i z o n s .  I n  t h e  ETA-MACRO p r o j e c t i o n ,  i m p o r t s  
d i s a p p e a r  by 2020 w i t h  t h e  i n c r e a s e d  p e n e t r a t o n  of  a  "back- 
s t o p n  t echno logy ,  which is p r i c e d  c o m p e t i t i v e l y  w i t h  
i m p o r t s  o f  o i l  and gas .  A s  t h e  n o n - e l e c t r i c  b a c k s t o p  is n o t  
s p e c i f i c a l l y  i d e n t i f i e d  and a s  it is p r o j e c t e d  to  be a  s i g -  
n i f i c a n t  component of , t o t a l  p r i m a r y  e n e r g y ,  i ts p r e s e n c e  
a m p l i f i e s  t h e  l i q u i d s  and,  p e r h a p s ,  even t h e  impor t  pro-  
blem. Only i n  t h e  BNL/DJA p r o j e c t i o n  ' a r e  o i l  i m p o r t s  re-  
p l a c e d  by energy  from i d e n t i f i a b l e  domes t i c  r e s o u r c e s  and 
' t e c h n o l o g i e s .  However, t h e  s p o r a d i c  r eappearance  o f  i m p o r t s  
s u g g e s t s  t h a t  t h e  l i q u i d s  b a l a n c e  between t h e  growth i n  
d o m e s t i c  demand and t h e  growth p o t e n t i a l  ' o f  d o m e s t i c  s u p p l y  
i s  tenu,ous. Thus, i n  t h e  c o n t e x t  of  t h e  f u t u r e .  growth,  
s t r u c t u r e ,  and s t a b i l i t y  of  wor ld  o i l  m a r k e t s ,  none of  t h e s e  
p r o j e c t i o n s  can  be viewed a s  e s p e c i a l l y  comfor t ing .  



Another  p rominen t  f e a t u r e  o f  t h e s e  p r o j e c t i o n s  is  t h e  pre-  
d i c t e d  role  o f  e l e c t r i c i t y  i n  t h e  energy  system. The models  
e s t i m a t e  t h e  growth o f  e l e c t r i c i t y  g e n e r a t i o n  t o  be i n  t h e  
range  o f  2.5 t o  3.1 p e r c e n t  p e r  annum o v e r  t h e  long-run.  
A 1  though t h i s  p r o j e c t e d  growth is  modera te  by h i s t o r i c a l  
s t a n d a r d s ,  a n  i n c r e a s i n g  f r a c t i o n  of  t o t a l  p r imary  energy  
consumption is devo ted  t o  p r o v i d i n g  e l e c t r i c i t y .  I t  is pro- 

, j e c t e d  t h a t ,  th rough  2020, t h e  long-term s h i f t  toward t h e  
i n c r e a s e d  c e n t r a l i z a t ' i o n  o f  t h e  e n e r g y  sys tem w i l l  slow b u t  
w i l l  n o t  r e v e r s e .  

' T h e  s h a r e  o f  e l e c t r i c i t y  g e n e r a t i o n  p rov ided  by n u c l e a r  
power i n c r e a s e s  c o n t i n u o u s l y  o v e r  t h e  t i m e  h o r i z o n s  con- 
s i d e r e d  f o r  e a c h  model. I n  t h e  pre-2000 p e r i o d ,  t h e  growth 
of  n u c l e a r  power exceeds  t h e  growth o f  t o t a l  e l e c t r i c i t y  
g e n e r a t i o n  w i t h  t h e  r e s u l t  t h a t ,  by. 2000, n u c l e a r  e n e r g y  in- 
p u t s  a r e  e s t i m a t e d  t o  accoI.Int f o r  o n e - q u a r t e r  t o  o n e - t h i r d  
o f  t o t a l  e lec t r ic  i n p u t s .  T h i s  d i f f e r e n t i a l  growth con t inu-  
es a f t e r  2000 i n  t h e  FOSSIL2, ETA-MACRO, and LEAP p r o j e c -  
t i o n s .  #However,  i n  t h e  BNL/DJA post-2000 e s t i m a t e s ,  n u c l e a r  
power grows o n l y  s l i g h t l y  f a s t e r  t h a n  e lec t r ic  g e n e r a t i o n  a s  
i t s  a l l o w a b l e  p e n e t r a t i o n  was c o n s t r a i n e d  t o  r e f l e c t  t h e  
p a t t e r n  o f  growth i n  t h e  p e r i o d  1990 t o  2000 i n  t h e  E I A  c a s e  
s p e c i f i c a t i o n .  F i n a l l y ,  t h e  p r o j e c t i o n s  , i n d i ' c a t e  a n  in-  
c r e a s e d  r e l i a n c e  on domes t i c  c o a l  r e s o u r c e s  f o r  d i r e c t  com- 
b u s t i o n ,  s y n f u e l s  p r o d u c t i o n ,  and e lec t r i c  g e n e r a t i o n .  
Although t h e  d e t a i l s  of c o a l  consumption and c o n v e r s i o n  v a r y  

. among t h e  e s t i m a t e s ,  t h e r e  a r e  marked s i m i l a r i t i e s  i n  t h e  
t r e n d s  a n d . e v e n  t h e  l e v e l s  of  c o a l  consumption p rov ided  hy 
t h e  models.  ' 

The t r e n d s ,  enumerated above,  ;re s u f f i c i e n t l y  "robust" 
among tile p r o j e c t i o n s  t o  a p p e a r  n o t  i n f l u e n c e d  by t h e  p a r t i -  
c u l a r  s t r u c t u r a l  r e p r e s e n t a t i o n s  o f  t h e  e n e r g y  and economic 
sys tems  i n  e a c h  of  t h e  models. However, t h e r e  e x i s t  c e r t a i n  
fundamenta l  d i f f e r e n c e s  i n  t h e  d e t a i l s  of  t h e s e  p r o j e c t i o n s  
t h a t  a r e  a t t r i b u t a b l e - t o  d i f f e r i n g  model s t r u c t u r e s  and t h a t  
a r e  o f  ma jo r  consequence t o  p u b l i c  p o l i c y .  

The p a t t e r n s  o f  t h e  t iming  .and growth of  t h e  s y n f u e l  i.ndus- 
t r ies  d i f f e r  g r e a t l y  among t h e  p r o j e c t i o n s .  To t h e  y e a r  
2005, t h e  e s t i m a t e d  t r e n d s  o f  marke t  p e n e t r a t o n  a r e  pa i red--  
ETA-MACRO, FILOT, and LEAP v e r s u s  FOSSIL2 and BNL/DJA. 
9f ter  2005, ETA-MACRO and LEAP f u l l o w  a s i m i l a r  paLh w h i l e  
FOSSIL2 and BNL/DJA form d i s t i n c t  t r e n d s .  ETA-MACRO and 
FOSSIL2 p r o j e c t  a  c o n t i n u a t i o n  of  t h e  t r e n d s  e s t a b l i s h e d  f o r  
p r e v i o u s  time p e r i o d s .  I n  t h e  BNL/DJA p r o j e c t i o n ,  t h e r e  a r e  
i n f l e c t i o n  p o i n t s  i n  t h e  t r e n d  l i n e  due  bo th  t o  t h e  t empora l  
and s t a t i c  energy-economy i n t e r a c t i o n s  a s  t h e y  a f  f ec t  e n e r g y  
.demand and s u p p l y  and t o  t h e  marke t  p e n e t r a t i o n  a l g o r i t h m  i n  
TESOM. Most i m p o r t a n t l y ,  t h e  d i f f e r e n c e s  i n  t h e  e s t i m a t e s  



o f  s y n f u e l s  p rodu .c t ion  a c t i v i t y  are r e l a t e d  d i r e c t l y  t o  t h e  
c h a r a c t e r i s t i c s ,  b o t h  e x p l i c i t  and i m p l i c i t ,  o f  m a r k e t  pene- 
t r a t i o n  p r o v i d e d  by e a c h  methodology.  

There  is s u b s t a n t i a l  v a r i a t i o n  i n  t h e  a b i l i t i e s  t o  i n c o r p o r -  
a t e  and,  hence ,  estimate t h e  d e t a i l s  o f  e n e r g y  end-use i n  
t h e  a l t e r n a t i v e  me thodo log ies .  Indeed ,  o f  t h e  f i v e  models  
c h o s e n  f o r  t h i s  e x e r c i s e ,  o n l y  t w o  p r o v i d e  s u c h  d e t a i l  and 
compar i sons  o f  t h e s e  p r o j e c t i o n s  and me thodo log ies  are f r u s -  
t r a t e d  by d i f f e r e n c e s  i n  a c c o u n t i n g  c o n v e n t i o n s  and t ech -  
no logy  c h a r a c t e r i z a t i o n s  ( e f f i c i e n c i e s ,  costs, e tc . ) .  I n  
a d d i t i o n ,  t h e  i n f o r m a t i o n a l  c o m p l e x i t i e s  'of e n e r g y  end-use 
, a l l  b u t  p r e c l u d e  t h e  model ing  o f  m e a n i n g f u l  marke t  p e n e t r a -  
t i o n  r e p r e s e n t a t i o n s  so common t o  e n e r g y  s u p p l y  and conver-  
s i o n  t e c h n o l o g i e s .  The f a c t  t h a t  t h e  p e n e t r a t i o n  l e v e l s  o f  
many new or advanced end-use t e c h n o l o g i e s  a r e  o f t e n  f i x e d  by 
a s s u m p t i o n  is s u f f i c i e n t  t o  i d e n t i f y  e n e r g y  end-use model ing  
as a t o p i c  o f  c o n c e r n  t o  t h e  a n a l y s i s  and p r o j e c t i o n  o f  t h e  
e n e r g y  and economic sys t ems .  

The models  d i f f e r  i n  t h e  e x t e n t  t o  which knowledge o f  t h e  
f u t u r e  is assumed and employed w i t h i n  e a c h  s t r u c t u r e  and i n  
t h e  i n t e r a c t i o n s  (energy-energy  and energy-economy) which 
emerge from t i h e . s t a t i c  and dynamic f u n c t i o n a l  r e l a t i o n s h i p s  
c o n t a i n e d  i n  e a c h  system. U n f o r t u n a t e l y ,  t h e  d i f f e r e n c e s  
which a p p e a r  i n  t h e  p r o j e c t i o n s  ( e . g . ,  t h e  growth  of elec- 
t r i c  and n o n - e l e c t r i c  e n e r g y  demands, t h e  energy-GNP r a t i o s ,  
e t c .  ) c a n n o t .  be  l i n k e d  c a u s a l l y  t o  one  of  t h e s e  s t r u c t u r a l  
d i f f e r e n c e s  i n  i s o l a t i o n .  R a t h e r ,  i t  is t h e  s t r u c t u r a l  d i f -  
f e r e n c e s ,  t a k e n  a s  a se t ,  which p r o v i d e  t h e  e x p l a n a t i o n  f o r  
t h e  d i s p a r i t i e s .  I t  is i m p o r t a n t  t o  n o t e ,  however,  t h a t  
much o f  t h e  p r e d i c t i v e  power o f  any  methodology is p r o v i d e d  
by  t h e  c r e d i b i l i t y  o f  i ts s e t  o f  a s sumpt ions .  

The s i m i l a r i t i e s  and d i f f e r e n c e s  c o n t a i n e d  i n  t h i s ,  s e t  o'f 
p r o j e c t i o n s  g i v e  r i se  t o  many u n r e s o l v e d  i s s u e s  which s h o u l d  
be addressed t o  improve t h e  u s e f u l n e s s  and t i m e l i n e s s  of  t h e  
i n f o r m a t i o n  f rom s u c h  a n a l y s e s .  Among t h e s e  are: 

The p o l i t i c a l  " rea l i t ies"  of  n u c l e a r  power 
and i t s  f u e l  c y c l e ;  

The t r a n s p o r t a t i o n ,  i n f r a s t r u c t u r a l ,  p o l i -  
t i c a l ,  and e r~v i r -onmenta l  p rob lems  assmi.- 
a t e d  w i t h  t h e  magn i tudes  o f  p r o j e c t e d  c o a l  
p r o d u c t i o n  and consumpt ion;  

. t  . iT Knowledge o f  t h e  t e c h n i c a l ,  b e h a v i o r a l ,  and 
economic c h a r a c t e r i s t i c s  of  e n e r g y  end-use; 



The importance of international .energy- 
economy interactions to the projection 
methodology (e.g. , export determination in 
PILOT, the balance of payments adjustment 
in BNL/DJA, etc.); and 

The implications for model behavior and 
analytical interpretation imposed by. the 
selection of specific functional forms (e.g 
market penetration, substitutability versus 
complementarity, dynamics, etc.). 
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APPENDIX - GUIDELINES 
The. following is a list of guidelines .which were forwarded 
to the .participants and followed to the extent possible: 

Long Term Analysis Forum - Driving Va.riables Definition 
Base year and base dollars are all set in 1978.* 

Economic Sector Assumptions'- select only those which are 
applicable. 

1. Exogenous Components, of Final Demand 

Government expenditures .proportional to GNP. Exports 
proportional to GNP in models requiring exogenous 
assumptions. 

As 'a guideline, for models which may require it, the 
government expenditure/GNP ratio may be taken as 
0.194 in 1985, 0.200 in 1990, and 0.210 in 2000. 

2. Population and Labor Force 

A. Census series I1 projection,. July 1977. Total ' . 

Population (in thousands) listed below by 5-year 
period: \ 

B. Labor force taken from the monthly labor force 
review, July 1978 for data up .to 1990. Extrapo- 
lation thereafter based on labor force assumed at 
46% of the population. Projections (in thou- 
sands) lis'ted below by 5-year period. 

* To convert 1975 dollars to 1978 dollars, multiply by 
1.190 per specification of J. Pearson. 



3. T e c h n o l o g i c a l  Changes 

A .  A l l  non-energy s e c t o r s  

Labor augmenting t e c h n i c a l  p r o g r e s s  set a t  2 %  per 
y e a r .  

B. , Energy s e c t o r s  

F o r  models  w i t h o u t  p r o c e s s  d e t a i l ,  i n p u t  aggre- 
g a t e  t e c h n o l o g i c a l  change  - impl ied  by MRG assump- 
t i o n s  and c o n s i s t e n t  w i t h  t h e  non-energy sector 
changes .  

4. Government P o l i c y  

Btu t a x e s  
NONE AT PRESENT 

Btu s u b s i d i e s  

5. Urien~gluyment ra te  ' 

P 

1976 7.4 
1977 6.7 
1978 6.4 
1979 6.6 
1900 6.9 
1981  6.5 
1982 6.4 
1983 6.3 
1984 5.8 
1985 5.6 
1986 5.6 
1987 5.2 
1988 5.0 

. . 

1989 4.8 
-, . 

1990 4.3 
Beyond 1990 4.3 



6. Growth Ra te  of  Real  Gross N a t i o n a l  P r o d u c t  %/Year,  
f o r  t h o s e  models which need i t . *  

1975-1980 4.5 
1980-1995 3.2 
1995 and Beyond 2.4 

7. Time Frame 

The time frame of  s i m u l a t i o n  w i l l  v a r y  by model. The 
l o n g e r  t h e  p e r i o d  t h e  model can  run  f o r ,  t h e  b e t t e r .  
An a r b i t r a r y  c u t o f f  of  2025 c a n  be used. . 

Enviaonmental  

1. E l e c t r i c  U t i l i t y  Emiss ions  S t a n d a r d s  

Best a v a i l a b l e  c o n t r o l  t echno logy  

- ( a )  90% o f  s u l f u r  removal 
( b )  0.033 lb..particulates/million ~ t u  

, (c)  S t a t e  Implementa t ion  P l a n s  

P a r a m e t e r s  t o  which t h e  d i s t r i b u t i o n  of  c o a l  p r o d u c t i o n  
between e a s t e r n  and w e s t e r n  s o u r c e s  is p a r t i c u l a r l y  
s e n s i t i v e  were chosen a s  s u p p l y  s i d e  d r i v i n g  v a r i a b l e s .  

1. Mine F a c t o r  I n p u t  Costs 

C o n s t a n t  a t  . c u r r e n t  l a b o r  c o n t r a c t  p r i c e s .  

2. S u r f a c e  Mine Taxes and C o s t s  

NO change o v e r  1978. 

3 .  F r e i g h t  R a t e s  ( a r e  imbedded i n  each model)  

Assume t h e s e  i n c r e a s e  1 5 %  o v e r a l l  d u r i n g  t h e  1978 and 
1985 p e r i o d  and remaing c o n s t a n t  t h e r e a f t e r .  

Demands: Only i-f  Required  

1. Demands: The a g g r e g a t e  ene rgy  demands s p e c i f i e d  h e r e  
a r e  r e q u i r e d  o n l y  f o r  t h e  energy  sector models.  The 
e l e c t r i c i t y ,  i n d u s t r i a l  s team-coal ,  and s y n f u e l s  

. . 
 his was t a k e n  from a.  DRI-MARC0 " t r end- longn  f o r e c a s t  t o  
1995 and a d j u s t e d  f o r  impor ted  o i l  p r i c e s  ( 8 .  C r o c k e t t ) .  



growth  rates g i v e n  h e r e  are NOT t o  be  used t o  con- - 
s t r a i n  t h e  r e s u l t s  o f  t h o s e  models.  The i n d u s t r i a l  
s t eam-coa l  r e q u i r e m e n t s  e x c l u d e  demands f o r  m e t a l l u r -  
g i c a l  c o a l ,  which a r e  l e f t  up t o  t h e  d i s c r e t i o n  o f  
t h e  i n d i v i d u a l  mode le r s .  I n  1975,  i n d u s t r i a l  steam- 
c o a l  demand was 64 m i l l i o n  t o n s ,  w h i l e  m e t a l l u r g i c a l  
c o a l  demand w a s  8 3  m i l l i o n  t o n s  f o r  a t o t a l  i n d u s t r i -  
a l  demand o f  146  m i l l i o n  t o n s .  

F o r  models  which r e q u i r e  demand by r e g i o n ,  t h e  model- 
ers are  r e q u e s t e d  t o  'select a r e a s o n a b l e  r e f e r e n c e  
f o r e c a s t  and t o  s c a l e  t h e  demands so as  t o  match t h e  
n a t i o n a l  t o t a l  s p e c i f i e d  h e r e  (1,975 b a s e ) .  

( a )  A g g r e g a t e  ene rgy :  2.3% a n n u a l  growth  r a t e  ( u p  to  
. . 125 quads by 2000) 

( b )  E l e c t r i c i t y :  3.9 a v e r a g e  a n n u a l  growth,  t h r u  
1995. 

( c )  I n d u s t r i a l  s 'team coal: 6% a v e r a g e  a n n u a l  growth  
w i t h  8% maximum p e r m i t t e d  
a n n u a l  growth .  

( d )  S y n f u e l s :  .5 q u a d s  o f  coal r e q u i r e d  by y e a r  1995 
( t a r g e t )  

( e )  E x p o r t s :  50  m i l l i o n  t o n s  o f  m e t a l l u r g i c a l  c o a l  
e x p o r t s  p e r  y e a r  i n c r e a s i n g  l i n e a r l y  t o  70  m i l -  
l i o n  t o n s  p e r  y e a r  i n L 2 0 0 0  and 1 0  m i l l i o n  t o n s  o f  
steam coal e x p o r t s  i n  1975  i n c r e a s i n g  l i n e a r l y  to  
30 miaaaon tons per y e a r  i n  ZUUU. Expor tc  in -  
areace, l i n c a r l y  a f t c r  y c a r  2000 t o  85  m i l l i o n  
t o n s  p e r  y e a r  f o r  m e t a l l u r g i c a l  c o a t  and 40 m i l -  
l i o n  t o n s  p e r  y e a r  f o r  s t e a m  coal i n  2025. 

2. Power P l a n t  ' C a p i t a l  Costs, O&M C o s t s  ( i n  1978 $ )  and 
Heat Rates 

A c a p i t a l  cost ,  O&M cost and h e a t  ra te  are s p e c i f i e d  
.I o n l y  f o r  a " r e f e r e n c e "  power p l a n t .  The m o d e l e r s  are 

r e q u e s t e d  t o  m a i n t a i n  t h e  p r o p o r t i o n s  between t h e  
c h a r a c t e r i s t i c s  of t h i s  reference power p l a n t  and 
t h o s e  of  o t h e r  t y p e s  o f  power p l a n t s  i n  o t h e r  r e g i o n s  
a l r e a d y  embedded i n  t h e i r  models .  C h a r a c t e r i f i s t i c s  o f  
a combined power p l a n t  are s p e c i f i e d  i n  view of i ts  
s t a t u s  as  a  r e l a t i v e l y  new t echno logy .  

. , 

( a )  Bi tuminous  c o a l - f i r e d  p l a n t  i n  t h e  east  c e n t r a l  
r e g i o n  - i n c l u d i n g  s c r u b b e r s .  



C a p i t a l  C o s t  = $666/kW 
O&M C o s t  = 4.03 mi l l s /kWhr  

, Hea t  R a t e  = 9980 Btu/kWhr i n  1995 
Economic L i f e  = 35 y e a r s  

( b )  Combined c y c l e  power p l a n t  i n V t h e  e a s t  c e n t r a l  
r e g i o n  ( i n c l u d e  coal g a s i f i c a t i o n  f a c i l i t i e s  - 
medium Btu  coal g a s i f i e r ) ,  

C a p i t a l  C o s t  = $738/kW 
O&M = 4-17 mil ls /kWhr 
Heat Rate = 8530 Btu/kWhr i n  1995 ( a s s u m e . v a r i a -  
, t i o n  w i t h  t i m e )  
Economic L i f e  = 35 y e a r s  

( c )  S e e  t a b l e s  f o r  o t h e r  new t e c h n o l o g y  c h a r a c t e r i z a -  
t i o n s .  

( d )  O t h e r s :  m a i n t a i n  p r o p o r t i o n s  w i t h  c h a r a c t e r i s -  
t i c s  o f  ( a )  a l r e a d y  i n  models.  I n t e r n a l  d e f i n i -  
t i o n a l  c o n s i s t e n c y  f o r  t e c h n o l o g i c a l  c h a r a c t e r i -  
z a t i o n s  is l e f t  t o  t h e  d i s c r e t i o n  of  t h e  mode le r  
f o r  o t h e r  y e a r s  and c o n v e n t i o n a l  t e c h n o l o g i e s .  

3. P r i c e s  o f  A l t e r n a t i v e  F u e l s  

F u e l  s w i t c h i n g :  L e f t  t o  economic c a l c u l a t i o n s  in- 
c l u d e d  i n  t h e  ,models:  D o  n o t  i n c l u d e  mandatory  f u e l  
s w i t c h i n g  or r e s t r i c t i o n s  on s w i t c h i n g .  D o  n o t  i m -  
pose '  any  exogenous a n n u a l  l i m i t s  t o  r e s o u r c e  usage .  

( a )  Crude O i l :  

' ( i )  Impor t s :  $15/bbl  l a n d e d  p r i c e  i n  1978 - 
.1985.  4.3% rea l  a n n u a l  p r i c e  g rowth /yea r  
t o  $18,50/bbl  u n t i l  1990;  4.7% t h e r e a f t e r  
u n t i l  r e a c h  $30 /bb l ,  2'.5% a n n u a l  growth  
t h e r e a f t e r .  

( i i )  Domest ic  P r i c e :  L i n e a r  i n c r e a s e  from t h e  
. c u r r e n t  p r i c e  t o  t h e  wor ld  p r i c e  i n  1980.  

Domest ic  p r i c e  e q u a l s  wor ld  p r i c e  t h e r e -  
a f  ter .  

' ( b )  ' ~ a , t u r a l  G a s :  P r i c e  o f  n a t u r a l  g a s  a t  Btu  equ iva -  

. - ' l e n t  p r i c e  o f  d o m e s t i c  c r u d e  o i l ,  and i m p o r t s .  
S h o r t - t e r m  use :  n a t r u a l  g a s  ac t  NGPA. 

( c )  . .Cumulative Domest ic  Resources  A v a i l a b l e .  U s e  
- u ~ G S  725 mean v a l u e s .  A s  a g u i d e l i n e  

J 



O i l :  900 Quads  , ( i n c l u d e s  s h a l e .  o i l  and 
EOR) 

N a t u r a l  G a s :  . 723 t r i l l i o n  c u b i c  f e e t  
S h a l e  O i l :  up  t o  1 Quad/year  a t  $22 .50/bbl  

up t o  3  a d d i t i o n a l  Quads /yea r  a t  
$30/bbl  b e g i n n i n g  i n  1995. 
43 Quads  2s  t o t a l  a v a i l a b i l i t y .  

These  i n c l u d e  s e c o n d a r y  and t e r t i -  
a r y  p r o c e s s e s  

( d )  Modelers  are  r e q u e s t e d  t o  uec  t h e i r  b e s t  judgment  
in d e t e r m i n i n g  p r i c e s  f o r  t h e  r emfn ing  resource. 

4. Maximum N u c l e a r  Power P l a n t  C a p a c i t y  ( w i t h  a n  assumed 
c a p a c i t y  f a c t o r  o f  6 5 % ) .  

( a )  100  GW i n  1985  
( b )  150  Gw i n  1990 
( c )  225 GW i n  2000 
( d l  open  

5. ' C o s t  o f  C a p i t a l  

F o r  e s t a b l i s h e d  t e c h n o l o g i e s ,  8 %  rea l  ra te  o f  r e t u r n  
o f  i n v e s t m e n t  a f t e r  t a x e s .  ' An a d d i t i o n a l  r i s k  p r e -  
mium may b e  a s s i g n e d  f o r  new t e c h n o l o g i e s  a t  t h e  
d i r e c t i o n  o f  t h e  modeler .  For .  models  which need 
f u r t i ~ e r .  d e I i 1 1 i  t i u ~ ~ ,  assulcce d cdpi L e i 1  L . ~ C I S V ~ C ~  I&C~CIL- , 

o f  1 5 %  f o r  p l a n t s  w i t h  a  30 y e a r  l i f e .  T h i s  i n c l u d e s  
a m o r t i z a t i o n ,  p r o p e r t y  t a x e s  ( i n t e r e s t  d u r i n g  con- 
s t r u c t i o n ) ,  i n s u r a n c e ,  l e g a l  f e e s ,  etc.  

6. C o n t r i b u t i o n  o f  H y d r o e l e c t r i c  G e n e r a t i o n  

( a )  0.30 t r i l l i o n  kWhr i n  1975,  r i s i n g .  l i n e a r l y  i n  
1995. 

( b )  0.32 t r i l l i o n  IcWhr i n  19'95 and t h c r c s f t c r .  

I t  w a s  d e c i d e d  t o  b e  e x p l i c i t  a b o u t  h y d r o e l e c t r i c  
g e n e r a t i o n  a s s u m p t i o n s  t o  p r e v e n t  t h e s e  from d r i v i n g  
t h e  i n t e r m o d e l  d i f f e r e n c e s .  



T a b l e  .1 ARC S u p p o r t  S t u d y  I n p u t  Assumpt ions  
Cumula t ive  (1980-2025) Pr imary.  Resource  L i m i t s  , , %  

U s e  USCS725 a s  t h e  Mean V a l u e s  . . 
. . 

(1015 B t u )  

Domest ic  i n c l u d i n g  s e c o n d a r y  
and  t e r t i a r y  p r o c e s s e s  

S h a l e  O i l  ' 

745.0 Domest ic  N a t u r a l  G a s  
- , 

Impor t ed  G a s  
Y e a r l y  Consumption L i m i t s  ( Q u a d s )  

1985 1990 1995-2025 . . . 

u p p e r  lower uppe r  lower uppe r  l o w e r  ~. . 

2.50 0.5 3.2 0.5 3.50 0.5 

T o t a l  A v a i l a b i l i t y  

Enhanced G a s  Recovery:  $ 5.17/MMBtu 2 0 0 x 1 0 ~ ~  CF . ~ 

Enhanced O i l  Recovery: $ 30/bbl  40x109 b b l  



lrable2 A R C S - q p r t s t u d y ~ t ~ ~  
SuggesW New Tkclmology Prcductim Li-nits (1015 B ~ u ) ~  

( 

YEAR 

a W s e  are ~ i m m  -1ewels. Justificaticn f c r  e x d h q  these le* w i l l  be r e q n i d  by t k  modelers. These 
units are in tern of i r p t s  & useful in (&ads. 

-109~ 

L a v  & Med-~tu axil @s;" 
m. qcle E3ase L a d  
Electric, lJdmned 
Gasifier 

Ooean Tllermal 

Biamss Electric 

Solar Wrml 

~yaW=$ 

Photovoltaics 

Wind nEqy System 

Atrrws. fluidized Bed 

O t h e d  Electric 

b . ~ y d r c p e r :  %is qmts tk rn  la^ kad" hydqmer. Tbtal Hydrwlectric shaild be limitsd to thae levels 
set cn page 5; 

c w- equivalents. 
, , 

t 

1980 

0 .O 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0 .O 

I 0.0 

1985 

0.0 

0.003 

0.04 

0.003 

1990 

0.39 
I 

I 

0.02 

0.10 

0.02 

1995 

0.78 

0.U 

0.18 

0.18 

0.40 I 1 0.80 

0.003 0.02 

0.003 1 0.02 

1.30 

0.16 

0.23 

0.2 

1.34 

0.0 

0.22 

2000 

3.91 

0.52 

0.72 

0.72 

0.0 

0.55 

1.3 

0.70 

0.85 

01.80 

3.50 

2005 

7.45 

1.04 

1.45 

1.45 

2015 

14.90 

2.06 

2.85 

2.85 

2010 

13.97 

1.87 

2.15 

1.5 

1.3 

1.40 

1.65 

1.3 

2.85 

3.2 

3.2 

6.00 

1.3 

2.6 

3.0 
I 

2020 

14.90 

2.06 

2.85 

2.85 

1.60 1 3.0 

4.00 ' 5.00 

2025 

14.90 

2.06 

2.85 

2.85 

1.3 

2.85 

3.2 

3.2 

6.00 

1.3 

2.85 

3.2 

3.2 

6.00 
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2 

*Fbr nmwble primary KESCUKKE acaxnting, assme axil equivalent efficiencies. , '  . 

.. , 
:.+ 

l kchno ld  

m&Med-BtucbalGas;  
Oart31/CydleBaseKad 
~ l e c t r i c ,  ~dvanoed 
Gasifier 

cban ' I h e d *  

B i m  Electric 

Solar T l - l e d *  

m-r .. 

P h M t a i c *  

W i n d  Enerrly Systm* 
< ,  

A t m s .  Fluidized 3ed 

G e o t h e d  Electric 

h j e c t  l i f e  for  ali these plants is  ffslned to be 35 years; 

. Capcity 
Facb r  (%) 

' 65 

8 0  

65 

50 

5 0 .  

2 6 :  

40 

f55 

85 

Capital &st' .(1978$/kWe) 

Plant Capcity 

100' me 
- 
- 
- 
- 
- 
- 
- 
- 

4.17 . 

3.0 

7.0 

3.0 , 

2.5 

3.0 

10.0 

5.7 

,32.0 

1985 

a 
738 

6000 

1000 

1800. 

900 

3700 

1300 

- 
800 

Canv. 
EX£. . 

0.40 

- 

0.30 

- 
. . 
0.34 

- 
- 

0.34 

- 

1990 

738 

,2300 

900 

1400 

900 

1920 

1000 

- 

800 

. 1995 and' cn 

738 

1800 

800 

I300 

900 ‘ 

llO0 

750 

583 

800 



-logy 

Coal Liquids 

Methanol 

Hi-Btu \M Gas; 

Cbmrcidl, Eastern 
cr~m~~cidl, w ~ t e r n  
lkkmaA, JBstern 
WMI#led, Wstern 

*Btu M Gas; 

Gmrercial., Eastern 
~ r c i a l ,  -tern 
Pdvar#Rd, Eastern 
Wvaraoed, Western 

Solid Waste to Solid Fuel 

SolidWastetnGaseousFLel 

Capital Ccst ($/LO6 ~ t u  mtp t )  
M ($/ lo6 
Btu atput) 

1.80 

1.75 

1.30 
1.12 
1.47 
1.12 

0.73 
0.73 
0.43 
0.43 

0.24 

0.13 

1985 

2:14 

0,85 

1.95 
1.n 
1.60 
1.45 

L73 
L73 
0.80 
0.80 

1.85 

3.U 

m v .  
Eff. 

0.70 

0.60 

0.47 
0.67 
0.72 
0.75 

0.57 
0.75 
0.80 
0.80 

0.875 

0.64 

1990 

2.14 

0.85 

1.95 
1.77 
1.60 
1.45 

1.73 
1.73 
0.80 
0.80 

1.85 

3.13 

- 
1995 aml cn 

2.14 

0.85 

1.95 
1.n 
1.W 
1.45 

1.73 
1.73 
0.80 
0.80 

,1.85 

3.U 

~ w i t y  
F.- (%) 

90 

90 

90 
90 
90 
90 

90 
90 
90 
90 

85 

85 . 

plant capcity 

60 w d  

87 Mb/d 

250 lo9 swsd 
W) 109 B W ~  
250 lo9 ~ w d  
250 109 BWsd 

50 10"Btu&r 
50 lou ~b&r 
60 1012 B* 

,60 lou B w  

1 7 o o m / d a y  

2ooorn/day 

rsad 
 inr re 

(year~T' 

8 

8 

I3 max. 
8 
8 
8 

8 
8 - 
- 
- 
- 




