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/ Abstract

The PILOT Energy Modi4ing Project,being conducted at Stanford ’s

Systems Optimization Laboratory Is concerned wi th. (i) performing model-

ing and methodology research de~i1ing with construction and solution of

reasonably la rge  scale mathematical programming models of energy/economic

systems: 4~ii) using the modeling research towards anal ysis of some of

today ’s important energy questiona and (l ii ) using the modeling and
/ ‘

.

methodology work for construction of 1 hetter models for improved analys is
r

• of tomorrow ’s important energy questions. At the core of1 the projec t

activity is the development of a multise’, intertemporal linear pro—

gramming modeling system that describes ysical terms many of the

technological interactions within and across the sectors of the American

economy. The general aim of the modeling effort is to permit studies ~~~~ ‘

(i) to assess .how specific energy policies will affect the energy supply!

demand Picture~~nd ’.(-~f) to asse~s~how the physical capacity of the

economy over the next 30—35 years to provide goods and services to Its

populace could be affected by changes in the energy supply picture .

.
~Intertempora1 linear programming models of the energy sector and

the economy provide a unique medium for explor..:; future energy policy

options.~~This paper presents the first version of PILOT together with

— • three illustrative scenarios. The model deficiencies and new develop-

ments in progress are briefly discussed.
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TIlE STANFORD PILOT ENERGY/ECONOMIC MODEL

by

T.J. Connolly, G.B. Dantzig, and S.L. Parikh

1. In t roduc t ion

PILOT Is a target model. It does not predict what the path

into the future will be but , rather , suggests what it could be. It

assumes that the purpose of the economy is to provide a high standa rd

of living for the people. Thus, what PILOT does is to provide a trajec—

tory which, I. followed , would maximize the standard of living over a

• given time span. This maximum is the target or goal.

Our model is only a first step. In general , a target model to

• be fully useful requires , in addition , a comparisun between actions in

progress and those targeted . The differences between them plus incen-

tives considered necessary to close the gap p e r m i t  i d e n ti f i c a t i o n  and

development of policy changes.

PILOT is a U.S. national energy/economic model designed to measure

the impact on the standard of living of various policy decisions, such

as the scheduling of various energy technologi~ s to be built and used ,

pollution abatement equipment to be installed , the nature and the extent

of conversion to equipment types that use energy more efficiently, the

required expansion of the general economy and foreign trade to supply

an increasing population with a high standard of living, etc. L I I .

PILOT reflects certain assumptions or scenar~os regarding changes 
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life—sty les, embargoes , feasibility of proposed new technologies ,

restrictions on use of certain technologies , and availability of raw

reserves. The growth of population , the available workiorce , and

labor productivity are key assumptions that provide a setting for the

growth of the standard of living. Another important (lass of assump-

tions relates to the amounts of raw energy resources available at

various levels of extraction effort , or available through imports

which, in turn, depend on Import  limits, prices , and the availability

of export markets for U.S. goods.

Main Linkages

The main linkages in PILOT are displayed in Figure 1. The eiiergv

supply sector is modeled in great detail. It is linked to raw energy

sources, on the one hand, and to the rest of the economy, including

the final consumer, on the other. The economy is linked to the rest

of the world through imports and exports, which are limited by avail-

able markets and balance—of—trade relations. The economy is modeled

in a less detailed way. It consists of various industrial sectors,

capacity formation, and government. The payoff is the bill—of--goods

vector that the economy supplies the population. The population , in

turn, supplies man hours to the economy . There are four main linkages

between the economy and the detailed energy sector :

First, there are the energy demands of the economy upon the

energy sector for industrial processing, for consumers , for exports ,

and for governmental needs. These are supplied In five final energy

forms: coal, crude oil, oil products, gas products , and elec tricity.2
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Second , there are the energy sector demands upon the economy

for capital and material resources, such as crude nil pipelines , rail-

road shipments of coal , etc. (provided by the t ransportation sector

of the economy); machinery and construction for capacity expansion

(provided by the capital formation sectors of the economy). The latter

must compete with capacity formation of the other industrial sectors

for expansion or replacement.

Third , the  energy sector and the economy use the  same v o r k f o r u e

pool to obtain the manpower needed for opera t ion , ma in tenance , and

capacity expansion.

Finally, the trade balance constrain t, by ma tching total expo r ts

to total imports, links the energy sector and the economy with the

rest of the world. Thus, in the model, if the crude oil import price

or quantity or both go up, the economy must export more of something

else to bring in the foreign exchange needed to pay for the imports.

PILOT is a dynamic model and the linkages through time are shown

on the left and on the right side of the diagram (Figure 1) —— name ly ,

the carrying forward from one time period to the next of remaining raw

energy reserves and of capacity of various facilities in the energy

sector and in the economy. Another link between periods is that caused

by the time it takes to build new facilities.

Physical Flow Model

PILOT is a physical flow model except for the foreign trade

conatraint. Insofar as possible, we endeavor to express material
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ba lances  of var  i u u ~ Inn it and c U L p U L  items i’ I ’o  t h e  v a r i o u s  processes

in ph y s i c a l  un i ~~s , fo~ ex a m p l e , BT1J ’ ’ of coal or o i l , etc. The several

sectors of t he  general  economy each pr ~ dt i ces  a ch a r a c t  e~ i s t i c  i t  c i .

For examp le .~ the  s ec to r  —— ~~~~ le~; , L ea th  r , C l o t h i n g ,  and Shoes ——

produces  a compos i te  i tem , a bb r e v i a ted  I’EX , w h i c h  i s  m a c e  up of a i a r c ~e

‘.‘a r i e t v  of t e x t i l e  r e l a t e d  p r o d u c t s .  It  is , o f  co ’Jrs c , imposs ib le  t

t r ea t  t h i s  composite  except ~n some ~gg ru ~~~Lc ’ 1 way .  T h i s  is done b e

app ly ing weights to the vector of various q(I~ n ti t ie~; produced and cum—

ming. It is assuuied that this industry in the future can produce th e

same aggregated ou tpu t  using the same aggregat d input~; from other

industries and the same aggregated facilities. This suggests that the

vector of products aggregated into TEX either occurs i i i  the same pro—

portions in the future or that substitutions can occur among them as

long as they preserve their aggregated total. The weights most con—

• venien t to use are the p r i ces  of the produ cts in the ba se year

1967.  Th us, the unit of TEX is the quantity of that composite iteru

(vector of outputs) tha t could be purchased for ~i in 1967.

Utility Function~ Linear Consumption Vector

The standard of l i v ing  also is expressed in physical  terms . The

b i l l — o f — g o o d s  v e ’t o r  is what the population receives . On a per cap ita

basis , the sum of components of  this vector  represents the  take home

• or consumption income measured in 1967 dollars. As the consumption In-

come of an individual rises , his consumption vec tor  undergoes changes.

5
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For example , people of higher income allocate a higher percentage share

of their income to service type items . What the PILOT model requires

is not the consumption vector of a typical individual at a given con-

sumption income level but , rather , the average consumption vector formed

by weighting the various vectors by the percentage distribution of people

at various consumption income levels. In the future the average con-

sumption income will increase —— imply ing, therefore , that the distribu-

tion will shift towards higher income levels. We assume in PILOT that

the dis~ it ion in the fu tu re  will be the same as it is currently except

tra the right. This assumption means that lower income people

~ greater percentage increase in income. It turns out empiri-

cally, under fixed base year prices, that the resulting average consump-

tion vector is approximately linear , i.e., consumption of each item can

be assumed to be a linear function of consumption income [2]. Since

future prices as well as average income are expected to vary , we have

under test a hierarchical utility func tion that  permi ts subs t itut ions

among components of the consumption vector for a given level of utility [3].

There are many possible choices for the utility function that can

be used as a maximand. Up to now we have been using as our tnaximand a

standard—of—living measure, the consumption income, in 1967 dollars ,

summed for each year from the start of the plan, say 1975 , to the end of

the planning horizon, say 2010 or 2075. The model permits one to specify

any discount factor in forming the sum. In many of our studies we have

used a discount factor of unity.’ In addition , we assume that consumption

income in any time period is not less than that of the previous time period.

an interest rate of zero.

6



Time U o r l z o n , I~nd C on dI t  ions

The t ime hor i zon  of Our mod e l ha s been 40 y e a r ;  in  f i v e  year

periods centered at 1975, 1980, 1985, 1990, 1995 , 2000, 2005, 2010.

In addition to initial conditions , it  also is necessary to provide end

conditions at 2010 that refle ct post 2010 needs. We do this by means

of a variant of the PILOT model (called the “variable ti me period” model)

which allows us to aggregate several t ime periods i n t o  one . For the

same computational effort , we solve such a model up to 2075 and extract

from the solution the facilities and stocks on hand at end of 2010 and

pass these data off—line to the regular PILOT model [4, Append ix H].

2. The General Economy

The I/O Tableau

The source of our economic data of industrial processes is the

87 Sector Leontief Input/Output Table, published by the Bureau of

• Economic Analysis for the year 1967 [5]. Because of our limited human

• and computational resources, we have had to aggregate this down to 23

• sectors for regular runs and down to 12 sectors for Si gma Mode

runs. These industrial aggregations are displayed in Table 1.

Capital Formation

The d ynamic l inear programming model fo rmula t ion  allows the

modeled economy to endogenously selec t the allocation of the industrial

output to two types of activities: consumption in the current period

that provides the country ’s standard of living , and capital formation

in the current period that will provide the future production capacity

7



Table I

SECTO RA L AGGREGATIONS OF PIlOT

SIGMA ).c)DE S T AN i A R r ~ MODE BEA SECTO RS
(i7 s~’cToRs) ~~~~~~~~~~~~~ (87 INfl ~’TRT • . SECT0R.~
LINE SECTOR SECTOR LINE IUi lJ~ThYO )UT~I CODE SECTORS CODE COUNT

MACROEN ERGY SECTO RS

1 C~~. Coal COL 1 7
CR0 Crude Oil  and Crude Natural  Gas CR0 2 8

3 R0P ui~ e~ Oi l  Products ROP 3 31

~ GAS Gas GAS

5 ~1E Elect r ic i ty  ELE 5

MACRO NON~~ ERGY SECTO RS

£ AGR Agricul ture  AGR 6 1-14

7 ?~~G Mining and Construction
Mining ~~G 7 5, 6 ,9, 10
Construct ion CON 8

8 ElM Energy Intensive  Manufacturing
Chemicals and Plastics CMP 9 ~7-3O ,)2
Foodstuffs  FDS 10 114, 15
Paper Products PPP 11 214 , 25
Stone , Clay , and Glass SCG 12 35,36
Primary Metals ~~‘l’ 13 37,38

9 ENM Energy Nonintensive Manufacturing
Textiles, Leather, Clothing , and
Shoes TFDC l~4 i&~19,33,3l~
Lumber LUN 1~ 20
Furni ture  and Appliances FAP i i  21-23 , 514
MisceUaneous Manufacturing MFG 17 13, 26 ,59_ 142 ,5( ,

57, 62-614

10 TAW Transportation and Warehousing TAW 18 65

11 TRD Trade and Other Services
Wholesale and Retail Trade TRD 19
Finance and Real Estate FIN 20 70 , Il
Miscellaneous Services SVS 11 ft ,(7, t~~.O3 ,72 ,

~5 ,75— • ’ ~ (exceçt

~.02, ~~~~~~~~~~
L~ MAC Machinery and Transportation Equip.

Transportation Equipment TRE 22 59-61
Machinery MAC 23 145—53, 58

8



by r ep  E i c crn en  of o l d  equ i ~~u c n t  a n t  et  ruc t u re ’, as w e l l  is b u i l d i n g  of

new a d d i t i o n a l  ~u t p T ;cu t  • ;nd  st r u ~ t ur i s . The cap  i t  ;i I t rrc~ t ion u I—

v i t  I ~S 01 c ( ’ l I r ~~c , 1~r ov i d e  the  economy w i t h  vehi  d c  f o r  icli  I i v  j o g  a

be t t c i  ~ t i i ; W ; rd i l - l y i n g  I n  f u t u r e  v c ; u l . 16 1 .

The P I L4 T  rc dc l  1 i c t  I n e i i i s h e c  and kei g;; Sc r ;~ i a ir omit of t h e

c ip ;lc  i t  I us of th e  18 n n e n c r g y  sect  on; (7  in ~I i g i r ; l  ~1~ ;Ic) . In any  g iven

pe r iod , t u e  rodel a l l ow s  the  h u i 1d ~ ig i f  a d d i t  lou d ca~ ;i i1v  f i r any

sec to r  provided , uI course , th e  In du s t  ria l o u t p u t  i s  a v a il  able  f o r

sach addi tian.

In o r d e r  to keep the in i t ia l  v e r s i o n  of t h u  m ode! ~elative1 y

simp le , the input p r o f i l e  to produce ~1 increase  in c a p a c i t y  per y e ar

for  each ind ividual  sect ir  is assumed to be the same is the input pro-

f i l e  averaged over all sectors. The profil e used is the distribution

of the tota l  capital formation inputs in the 1967 Input/Output Data

Base of the Bureau  of Economic Analysis [s]. A provision has been made

f o r  l a t c ~ inclusion of a detailed capit i i  matrix by eerier of destina-

t ion , developed by Batrolie ln s~~i t u t o , 1971 1 61 , wh ich will allow a

real ist ic d e s c r iption of the  cap i t a l  equ i pment  and s t r u c t m i r c s . Hence

at some later stage of development it will be possible either to incirje -

rate such det~i i 1 di  rer  t I y  into  t i e  mod e l  or to use suc h dat i m d  I i  r e t  I y

to  ch e c k  and c or r e c t  the assumed p r o f i le s  amu then r e r u n  the mode l .

Construction Lags

For the nonenergy sectors , a construction lag of two years is

assumed. This means t h a t  20Z of th e  total capacity add i t  ton i n i t i a t e d

• 

• 
•
• ~l—~

•
~~

• • •~r• —

~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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in any five year period is comp leted and becomes a v a i l a b l e  fo r  produc-

t ion in the same five year period and time rem aIning 80% in the next

five year period . The construction lags ( a f t e r  the planning and approval

stage) fo r  energy f a c i l i t i e s  t y p i c a l l y  are th ree  \ e i r s  except for nuclear.

For the latter , we use a seven year lag .

Discard Factors

Discard (deprecia tion) fac tors used for the general economy are

4.5%, which is slightl y lower than that suggested in the 1976 Report

of the President [7). For the energy facilities we have adopted a

convention used in Brookhaven studies (8), namely, no depreciation for

30 years, followed by a 100% discard.

Imports/Exports

PILOT assumes that the U.S. has a favorable balance of trade

over each five year period. Its import/export activities permit the

economy to trade with the rest of the world and to adjust the mix of

domestic output to a more desirable one. For example , imports of crude

oil and exports of agricultural products allow the U.S. to t rade i ts

excess output from the agriculture sector in order to reduce its short-

ages in the energy sector.

10



Prelirm in ary runs indicate tha t tt ,e s ol ut  I to Is sensitive to what

is assumed about import/export markets a va i l a b l e  t o  t he  Ii .S. Our

import/export t unctions are based on studies by ~lopper Almon and his

students at the University of Mary land (9 , 1(l) Noni onp ctitive imports

are assumed to he proportional to the domestic output f the respec ti ve

industry. All imports by the final demand sectors , personal consump-

tion , capital formation , and government services , are treated as norm —

competitive. On the other hand , nonenergy competitive imports are

allowed in the base case to be chosen freely within broad limits. In

certain scenarios total energy impor ts have been limited to a fraction

of total domestic energy consumption.

The nonenergy exports in the model are assumed to be in accordance

with the decreasing returns to scale, i.e., the highe r the amount of

exports, the lower the average price received per unit. Finally, the

growth of the world markets available for U.S. exports, if we choose

to use them, is assumed to follow an exogenously given growth profile.

In the base case of the model, a 4% per year growth of this potential

market is assumed. Imports and exports of energy are accounted for in

BTL terms . They are bought or sold at prices assumed by the scenario.

Government

Thc government expenditures, including state and local , are pro—

v ialed for ifl the model by assuming that the vector of future government

11
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consumption is in f i x e d  propo rtions t i  w h a t  it is c u r r e n t l y.  In the

base case of the  model , the tot ii level u f  ~o v e m  n~~r a t  e x p i mi d  I tures  is

assumed to be 34% of the  t o t a l  ; e r - o m i i l  c o n s u m p t i o n  t .j r u d i t t i r e s .

Po1~~ at ion

The popula t ion  is assumed t o  grow in i r e r d a r i r .  w i t h  I cr i e s  i i

of the  Bureau of the Census [ I i ) .  l i i i ’  wo r k t r ce a s s u m p t i on  i s  based

on the estimates for 1975—1990 by the Bureau of Labor Stati stics [121

and what we believe to be reasonable extrapolations for the period

beyond .

Technological Change

Turning now to technolog ical change , new technolog ies , such as

coal synthetics, nuclear reactors, solar energy , etc., are all included

in the model. The ac tual choice of the mix and the intensity of the

processes are determined by the model consistent with available resources

and facilities.

An impor tant measure of technological change is the growth in

labor productivity. An explicit provision is made in the model that

allows exogenous specification of the productivity growth profile (which

needs not follow a constant percentage growth through time). In the

base case scenario, we have assumed a constant rate of growth in labor

productivity of 2% per year.

12



By spec i f ying tIme technology .eai1 a hie ~ in  the energy sector

and by specifying the labor p r o d u c t i v i t y  in t h e  girie ral economy , we

believe tha t  a s i g n i f i c a n t  p or t i o n  of the  t e ch n o l o gi c a l  change is cap-

tured in t a o  model .  W h a t  Ia  l e l t  ou t , cf  course , is t h e  e f f e c t  of

new processes in all sectors that mc, net known today but will affect

the capital , labor , and mia t i r l a l i n p u t s  for time f ut u r e  p r o d u c t i o n , and

the effect of rmonenergy sector processt s, sortie of whi ch are known today,

that will bring about changes in the capital , labor , and material input

ratios in the future.

Pollution Abatement

The model includes exogenously given pollution abatement require-

ments related to level of industrial expansion. Our assumptions concern-

ing these are based on 10 year projec t ions developed by the Environmental

Protection Agency (EPA) using the SEAS (Strategic Environmental Assess-

ment System) Model, 1975 [13). Using its reference scenario 1, the

capital , operating, and maintenance expenditures for abatement equip-

ment are approximately 200 billion 1975 dollars over the 10 year period

of 1975—85. The base case of our model assumes the environmental re—

lated expenditures to be of the same order of magnitude and spread across

the 12 sectors in accordance with the 1967 profile for gross private

fixed capi tal formation as recorded in the input/output transactions

table. Beyond 1985 , a level of expenditures of 22.5 billion 1975 dollars

annually is assumed.

13



3. Encr~y Converst n

The detailed energy sector i im 1 u di s techno logical description

of the raw material extraction and ‘ tic UW V conversion processt s. Tech-

nical coefficients are defined for

• exploration and produc t i n  of oil and gas,

• extraction at  natural uranium , and

• 78 other energy technologies. S~ e Figure 2.

Fossil Fuels

The fossil fuel portion of the model includes various technical

opt ions with respec t to oil , gas, coal , and oil shale. Exploration

drilling for either oil or gas results in additions to the proven

reserves of these raw energy forms. The level of drill ing effort is

endogenously determined , and the resulting oil—In—place and gas re-

serves are determined in accordance with the exogenously given finding

rate functions. Expensive secondary and tertiary developments are

options that can be undertaken to add to proven oil reserves. An oil

shale mining, retorting, and upgrading activity also is defined In the

model to provide shale oil to complement the crude oil production . Oil

and gas proouction, and coal mining activities provide the raw fossil

fuels which are next processed into final energy forms. Oil refining,

coal gasificat ion, coal liquefac tion, and elec tric power genera t ion

processes are defined in the model for this purpose.

14
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Coal

Steps are under way to correct I Im itit ions of t h e  present ver-

sion of the PILOT model with regard to the minin g and aluippi ng of

coal —— in par t icular , reclamation m tlvities related to stri p m ini ng

of coal and pollution control gear , such as sulfur scrubbers , needed

f o r  burning high sulfur coal and ii  power plants. We are in the pro-

cess of investigating various alternative ways of formulating the

regional and environmental economics of coal extraction and usage.

For now, we limit the western coal mine construc t- ion to some exogenous

limits in the base case and have placed upper limits on the total coal

production in any time period , which we dub “the environmental limit

on coal production”.

Exhaustible Oil and Gas Resources

The domestic oil and gas resources have reached a point where

it takes progressively greater and greater amounts of physical effort

to find a given amount of additional reserves 1)4, 15) .

Primary Oil Recovery, Finding Rate Functions

In the model the cumulative supply of oil and gas as functions

of cumulative amount of effort to extract them , called the “finding

rate” functions, are employed. Using these functions , the model

endogenously determines, consistent with optimal allocation of resources

in the economy, the amount of drilling that should be undertaken

in each period to find new reserves. The finding rate functions are

16
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consistent with the est  m a t es  in the  Nationa l Ener~ y Outlook , 1976

[15), and the U.S. Goolog ic;ul S u r v e y  CI r c u l a r  725 of t h e  U . S .

Depar tment of Interior 1141 . Then ’ is, of course , a great deal of

doubt regarding the accuracy of these estimates. The approach of the

model is flexible in that it allows one who is interested to assess

the effect of this uncertainty by assuming different finding rate func-

tions and measuring how sensitive the key economic indicators are to

their differences.

Secondary and Tertiary Oil Recov~1y

As new reserves become progressively more difficult to find ,

it also becomes attractive to develop addit ional  reserves from the

existing unproven reserve base by secondary and tertiary recovery

techniques. In any period , the model determines to tal unproven reserves

that are available for development by advanced recovery techniques and

within these limits the extent of development undertaken depends on

other options and their costs —— not only with respect to oil and gas

but also coal synthetics, etc., taking into account the short and long

term interactions with the economy and the rest of the energy sector.

The numerical  es t imates  were derived wi th  the aid of data  developed by

the National Petroleum Council, Federal Energy Administration (FEA)

for the Business—As—Usual (BAU) Scenario, and by the Bechtel Corporation.
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Electric Power Generation

For electric power genera t ion , the model includes the following

activities: LWR (enriched uranium operation), LWR (plutonium opera-

t ion) , LMFBR, coal fired power plant , gas f ired power plant , oil f ired

power plant , low BTIJ gas fired power plant (coupled to a low BTU coal

gasification process), hydroelec tric power plant (coupled to pumped

storage facilities), geothermal power p lan t , and solar power plant.

lii~iear 
Fuel Cycle, Uranium Resources

The nuclear portion of the model includes the following processes

for the nuclear fuel cycle: the mining and milling of natural uranium ,

enrichment of natural uranium by gaseous diffusion , fabrication into

the fuel elements, electricity generation using light water reactors

(LWR). The spent fuel may be stored , or reprocessed to recover pluto—

nium and uranium for recycling , i.e., the recycled uranium may be con-

verted and enriched for use in the light water reactors; also, pluto-

nium can be used together with natural uranium as a fuel for light water

reactors dedicated to this mixed oxide operation. Finally, a fast breed-

er reactor also is defined in the model in which plutonium and tailings

from the enrichment unit can be fabricated into the cores for its opera—

tion. See Figure 3.

Exhaustible Uranium Resources

Limited reserves of uranium are known to be recoverable with

relatively low physical effort. For example, 200 thousand tons of

18



0 c r 0
IP_ z

-‘Lii
LIJ~~~

A 

W O

I
H ~~~~~~~

_ _ 
I



proven uranium reserves (U
3
0
8
) are Identi fie d to be recoverable at a

cost of up to 10 dollars per pound (1975 dollars). See I~NL Sourcebook ,

1~975 , p. 37 [81. Undiscovered potential reserves at v~irious levels

of uncertainty (probable , poss ible , and speculative) would add another

530 thousand short tons for a total of 730 thousand short tons . In

BTU equivalent term s, these reserves amoun t to app rox ima te l y 6U quad-

rillion BTU of proven and 220 quadrIllion BTU of total (proven + poten-

tial) reserves. The latter amount in li ght water reactors could pro-

duce only enough BTU’s to cover U.S. total energy demand for approximately

three years (assuming the total consumption in any one year is the

same as in 1975).

2p~ ions Within the Nuclear Sect or

There are two methods to augment these extremely limited inexpen-

sive uranium reserves:

• augment natural uranium reserves through greater
physical  e f f o r t  and hi gher production costs , and

• reprocess spent fuel from reactors to recover re-
cyc led uranium and plutonium.

PlutonIum obtained from reprocessed fuels can be used in fast breeder

reactors as well as in place of enriched uranium in light water reactors.

These, then , are the alternatives available in the model: reprocessing,

enrichment of recycled uranium , enriched uranium fueled light water

reactors , plutonium fueled light water reactors, fast breeder reactors ,

and the mining of uranium ore that requires greater and greater effort

as more uranium resources are extracted.
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4. Mathema~ lcal S t ruc tu re

Solution Method

The PILOT model cons is t s  of a number  of mass balance constraints

in the form of linear equations and linear inequalities. The variables

are unknown levels of various processes which are constrained to be

nonnegative since these activities cannot operate at negative levels.

Certain of the relations are nonlinear , such as the finding rate func-

tions for oil or export  revenues as a f u n c t i o n  of the amount physically

exported. These we have approximated by broken line fits. The net

result is a mathematical system called a linear program which can be

solved using the simp lex method.

The matr ix  structure for the linear program for eight periods

takes the form of Figure 4. The coefficients outside the “staircase ”

blocks are zero (with the exception of a few coefficients). The stair-

case blocks themselves have an internal structure which is displayed

in Figure 5.

The full eigh t period 40 year model with 23 industrial sectors

has roughly 800 equations and 2000 variables. We use the Stanford

Linear Accelerator Computer System , which consists of a system of three

IBM 370 series computers. The Wylbur Text Editing Sys tem is used to

input and modify data. The relations defining the linear program are

inputted using the MACEN matrix generator developed by Haverly. The

optimal solution is obtained using the MPS3 software system developed

by Management Sciences and the MINOS software system developed at Stanford ’s

Systems Optimization Laboratory by Michael Saunders 1161 . A detailed

specification of the relations of the model can be found in 11 71 .
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5. The Nat ure ot the Energy risi s

Independent  of any model. , un d er  r i ~~on ab l e a s s t i I : j a . ions  on pupt i—

l a tlon , labo r force , and labo r p r o d u c t i v i t y  growt n , and iofl t i eitiun

of historical energy growth patterns , one t i c i l y can ilcu late t h a t

the country will need approximately 4 t ~ (IQ io 18 gm) units~ of

pr imary energy over the transition period of the next 40 years for which

a major  c o n t r i b u t i o n  f r om an u l t i m a t e  ene rgy  source , such as so lar  or

fusion, is not expected. Fur ther , assuming the recoverable oil and

gas resources of approximately 2Q units
3
, the coun try w i l l  need an

additional 4Q units of primary energy .

This s i tua t ion  con t ras t s  f rom the one fo r  the s ix t i es  where

approxima tely two—thirds of the primary energy demand was met by oil

and gas (Figure 6). The energy needs in the transition period can be

met either by the supply side options,  such as coal , oil shale , nuclear ,

and imported energy in addit ion to cont r ibu t ions  f rom h y d r o e l e c t r i c

energy , geothermal energy , etc., or b y demand side 2pt ions , such  ~

efficiency improvements through redesign and retrofit measures reducing

conversion and heat losses, substituti,ons away from energy, as well

2For example , assuming a 3% per year growth in the real gross
national produc t , a fixed energy/GNP ratio , and starting with 76 quad-
rillion BTU in 1976, the energy consumption would add up to 5.9Q over
the 1976—2015 period. Commercialization of synfuels would Imply a
larger amount , and a lower growth rate  would imply a smaller  amount .

3According to U . S .  Geological Survey [ 1 4 ] ,  the 90% conf idence
intervals for oil and gas resources recoverable with current technology
under present economic conditions are : 112—189 billion barrels of
oil , 23—34 billion barrels of natural gas liquids , and 761—1094 trillion
cubic feet of natural gas. At 6 million BTU per barrel of oil and 1
million BTU per thousand cubic fee t  of gas , one obtains 1 .6Q—2 .4Q fo r
90% confidence interval on oil and gas.
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as demand reductions through adjustment in life—styles. In addition

to demonstrating the nature of the output information from the PILOT

model , the preliminary experiments reported In [ill and addf ti onal

experiments reported here are intended to provide scenarios that would

help towards some quantification and understanding of answers to the

following questions: Given limited availability of oil ar~d gas resources ,

to what extent does the country ’s economic growth over the neat 35—40

years depend upon new energy technologies? Also, what is the effect of

this country ’s following a policy of independence from fore i gn energy

sources?

6. Three Illustrative Scenarios
4

Key Assumptions

The following are the key assumptions in PILOT about the future .

• Consumption pat terns  at any g iven income level in
a future period will be the same as th ey are now at
the same income level. Conservation , if successful ,
would represent a change in consumption patterns.
This opt ion , avai lable  in PILOT , is not p a r t  ef the
three  scenarios presented . 5

• The price of imported energy will increase bL 2%
per year in constant dollars . At this rate , the
price will double in 36 years.

• Advances in electrical energy technology which are
in an early stag ’ of development , such as fusion ,
are not included in the scenarios presented.

4
Material in this section drawn from [181.

5
A major weakness of the preaen~ version of PILOT is that itdoes not have any alternative technologies except in the energy sector.

Nor does it reflect the full range of possible substitutions by the
final consumer due to higher prices. See Section 7 for work in progress
to overcome these deficiencies.
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• A v a i l a b i l i t y  of nonconvent iona l alternative energy
systems (AES) for nonelectric purposes Is permitted
a f t e r  1990. ThIs Is a ca tcha l l  for unspecified new
technologies .  It Is assumed that no more than 10
quads of energy per year , at an average cost of $6
per million BTU , can be developed by 2010 from these
sources.

Oil shale w i l l  he availab Le after 1995 at a maximum
level of 6 quads per year in 2010 .

• The fast breeder reactor (FBR) will be available
fer commercial use by 2000. Its use, however , is
excluded in one of the scenarios presented .

• Assumptions about fossi l  fuel  and uranium reserves ,
population growth , prod uctivity, environmen tal
needs, and government spending are included in
PiLOT.

Policy Constraints

In addition , several constra ints are imposed in all three sce-

narios. These constraints reflect assumptions about the acceptability

of certain policy implications:

• Imports cannot exceed exports. The U.S. must have
a favorable balance of trade over each f ive  year
period.

• Anj~ ward mobilitjy constraint prevents a decrease
in the  s t andard  of l iving from one five year period
to the next .

. Nuclear electric içy cannot exceed one—half of tfl~
total eler trIca]j~ oduct1 on.

The base case imposes certain additional policy constraints on

imports and coal . These restrictions are removed for the high energy

resource availability scenario. For the low energy resource avail-

ability cage , even tighter policy restrictions are placed on coal,

nuclear , and imported energy availability than in the base case:

27
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Coal

• Base tase —— Overall limit s a rc  spe l l  ied  on coal
devel opment . The.~e lim its are not too
res t ric t ive  however.

• High Case -— No l i m i t s .

• Low Case —— Ove ral l  l i m i t s  a re  set at a l ower l evel
than in the  base case.

Impor ts

• I3ase Case —— Energy imports cannot exceed 20% of
Iota 1 cue r~ y LoflSumpt iOn  , t a keep depeti—
(hence on fore f ~n s)u r a s  mode rate.

• High Case —— No r est r i c t ions.6

• Low Case —— An addi t ional  cons t r a in t  is imposed:
energy impor ts canno t exceed 20 quads
per year.

Nuclear Energy

• Base Case —— Nuclear  cannot exceed 50% of to tal
electricity.

• Hi gh Case —— Same l i m i t .

• Low Case —— No new nuclear plants can be built.

The low availability case reflects restrictions on the use of

nuclear energy (due , let us say, to fears about plutonium theft or nuclear

accident), restrictions on the expansion of coal min ing  (due , le t  us

say, to fears about the effect on the environment), and restrictions

on foreign energy imports (in order , le t  us say ,  to m a i n t a i n  our

poli t ical  independence). The high a v a i l a b i l i t y  case , by way of con-

t ras t , reflects the deemphasis of these concerns.

6There are two intermediate limits on the quantities of energy) which can be imported. The importing of refined oil products Is limited
to a maximum of 7 quads per year. Natural gas imports are restricted
to below 5 quads per year. These policy constraints also app ly to the
high energy availability scenario.
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Analysis of Scenario Results

The fo l  lowing  so ja;iS (hesr h the optirn~im mix of energy

sources and c o n v e r s i o n  a c t i v i t  los  fu r  i~~ i ccen:i r h a . A comparison

of the  impact  which each sc fr l a r i o  would  have on t o t a l  energy conslimp—

t i o n , t h e  gross nat ion. h p r o d u c t  , and t h e  s t an d a r d  of I i v i ne  f o l  lows

this sect ion .

Base Case Scenario Results

The base case is a constrained energy avai l ab i l i t y  scenario .

(See Figure 7 . )  Since coal is economical to use , its production reaches

the limits imposed . Despite the lag t ime needed to build new mines ,

twice as much coal is produced per year by 1990 as now. Use of coal

for  conversion to pipeline gas becomes moderately economical in the 1990’s.

In the base case, the nuclear power is heavily developed. The

policy constraint which prevents nuclear power production from exceeding

50% of total e l ec t r i c i ty  becomes b ind ing .  Use of nuclear  power to t h i s

extent is achieved in this scenario through use of conventional l ight

water reactors as well as reprocessing of nuclear fuel and the fast

breeder reactors.

Oil consumption doubles by 2010 with the use of secondary and

tertiary recovery techniques, the extraction of oil from shale , Alaskan

production , and Imports. Much of the growing energy demand Is met by

increased imports , which are limited to 20% of total energy .

29
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N a t u r a l  j~roduc ion Is fa l r~~ even over the~ p~~~nj~ g horizon

wi th  r ise in consumption compensated b y a s l i g h t  r i s e  in imports and

coal g a s i f i c a t i o n.

Other  technologies, such as hy d r o e l e c t r i c  and geothermal energy ,

are developed at the  same exogenously speci f ied ra te  in all cases, in

addi t ion , some energy in the  base case comes f rom cent ra l  s t a t ion  solar

p lan ts  and a l t e rna t ive  energy systems (AES) .

High Availability Scenario Results

The key f e a t u r e  of the high avai labi l i ty  case is the use of

coal. (See Figure 8.) Af te r  a substantial  period in which investment

in coal mines and i n f r a s t ruc tu r e  takes place , the use of coal skyrockets

beginning In the late 1980’s. Coal production grows to 12 t imes present

levels by 2000. As a result , total energy production grows dramatically,

nuclear power is not used as extensively, coal conversion act ivi t ies

are very attractive , and imports cease by 1995.

Total oil consumption and domestic production are similar to

that In the base case through 2000a after which the unrestrained avail-

ability of coal causes oil use to decline. The use of oil fired power

plants ceases in the late 1990’s.

Since onl y 14% of electricity is generated from nuclear plants

in 2000, the need for the fast breeder reactor is precluded and instal-

lation of reprocessing capacity is delayed beyond the 2000’s.
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The permissibility of the unrestrained development of coal makes

synthetic gas even less costly to produce than natura l gas. For this

reason , the use of natural gas declines a f te r  1985.

Use of costly other technolqgies , such as central station solar

electricity plants and alternative energy systems , is not economically

competitive under this scenario.

Low Availabil i ty Scenario Results

In this case, the three major energy sources are tightened down

to levels significantly below that of the base case. (See Figure 9.)

Coal production grows to the limits allowed —— at a rate considerably

slower than the base case. These limits are low enough to prevent coal

synfuels from playing a significant role.

Oil use is similar to that In the base case scenario. Imports

increase more rapidly until 1990, when the additional constraint limit-

ing imports to 20 quads per year becomes binding . Since coal and nuclear

energy are tightly restrained , twice as many oil fired power plants

are used in 2000 as in the base case.

Since nuclear plants already under construction are allowed to

be completed , growth in nuclear power does not cease until 1985. By

assumption, the fast breeder reactor and reprocessing technologies also

are absent in this scenario.
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Natural gas production is similar t i that in the base case.

Also, the lower coal limits make coal gasification less desirable .

Scenario Comparisons

As mentioned at the outset , supply policies affect total energy

consumption , the gross national consumption , and the standard of living .

The differences between scenarios are displayed by the following graphs.

Total Energy Consumption

The base case is energy supply oriented in the sense that no

demand reduction measures are assumed to be implemented by the  consumers

and the industry . It is found that growth of the total energy flow

in the base case parallels the historical growth scenario of the Energy

Policy Project of the Ford Foundation [191. The growth is about 3.37.

per year. At this rate, total U.S. energy consumption would double

every 21 years. In comparison, the high availability case allows energy

consumption to grow at a considerably faster rate of 3.9% per year .

Energy consumption would then double every 18 years.

Despite the very strict limits imposed on the low availability

scenario , energy consumption still would grow but only 1.5% per year.

At this rate , it would take 46 years for the U.S. to double its current

consumption. (See Figure 10.)
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F
Gross N~ tiona1 Cons unI1~ I on

Growth in the U. S. gr i~~~ na t  i umi 1 con: iin ~p t  i on  in the base case

para l le l s  the growth in tlw tot 4 energy ..~onsumption ~.Figure 11) .

Energy growth  is related to economi c growth since thc~ t scenarios assume

t r ad i t i ona l  consumpt ion  p a t t e r n s  w i l l  hold or the f u t u r e . Conse rva t ion

measures , i f  succes s fu l  in improving the  €~~f f c i e a c y  of u~~r energy  ;t sc ,

would permi t GNC to grow at a faster rate , or t.i u~rgy use to grow at ~

slower ra te , or b o t h .

Standard of Livin&

Energy avai labi l i ty can have a great impact on the standard of

living . This effect will not be noticed until 1985 when today ’s energy

choices begin to affect the level 3f personal consumption. Some growth

in the personal consumption is achieved under all scenarios but the con-

trast between the high energy availability case and the low one is strik-

ing. The consumption level attained by 2000 under the high energy avail-

ability case is twice as much as that attained under the low availability

case. (See Figure 12.)

7. Drawba cks and Dove lopment Work 
~~~~~~~~

Deficiencies in Mid—1976 Version of PILOT

in its present form the  model inc lu des :  d e t a i l e d  d e s c r i pt i o n

of the energy technologies , explicit description of t u e  exhaus t i on

processes for oil , gas, and uranium , t’~e dynamics of t h e  capital for-

mation and the resource extraction that explic itly t a k e  into account
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the intertemporal t radeoffs , nonmal1e ;~l,1, cap ital . varia~~ie construction

lags , endogenotis t r e a t m e n t  of t r ade  w i t h  t h e rest of too wC? r ~ d , and

consumption functions that were derived using a p r n (  e d i tr e  t h ~~i as sumes

equal absolute additions to income of all Income groups and that describe

the changing patterns of consumption with t he  changes in the standard

of living as measured by the aggregate  level  of per  c a p i t a  c o n s u m p t i o n .

The model also c o n t a i n s  a f l e x i b i l i t y  to  e x pe r i m e n t  w i t h  ihe

exogenously specified tempora l profiles of consume r fuel mix. This

feature makes it possible to examine the effects of the interfuel sub-

stitution by consumers especially in thobe scenarios where initial

optimization indicates wide dispersion in the shadow prices of different

fuels. There also is a flexibility in the model to examine the effects

of reduced energy demand r esu l t ing  f r o m  the conse rva t ion  and e f f i c i e n c y

measures implemented by the consumers and the industry, either volun—

t~.rily or through legislative means.

This version of the model , however , does have some weaknesses.

It does not contain explicit modeling of the substitution possibilities

on the energy demand side. Thus, the possibilities of switches by the

consumers and the industry from the scarce forms ~tf fuels to more abun-

dant forms of fuels, nonenergy materials, labor , or capital are not

endogenously considered ~n the model. The main disadvantages here

consist of the necessity for examination of the solution outputs for

bottleneck reducing substitutions , and reoptimization with appropriate

adjustments in the matrix coefficients. Such reoptimizattons , however ,

could be time consuming and cumbersome.
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~~ t h f ~ e n er g y  ~C t pj )~~Y h~c , .1 WCOI<IICSS iCC t i l t  ‘ ( 14 1 I S  .3fl ~ hSt r ~

of the endogenoCis desu r i pt ion ; of ti e requ i rt. in ent  s fo r  t he  cmvi r o i t i n e n t  a

related hardware particular i v wi to i ~~~pt’~ t ~ a.i u. tr ’, c . ulic iota 1

coo I product ion , there f o r e , is  c ss oa 1 a I i v c x agt no L 1 ’ ~ in the model

Al so , t h e  40 yea r p l a n n i n g  ho r i  i. in of t h e  ~fl ~I c I  In not long enough for

t rrain dcc isIon .~ related Ic energy. ~wu examj)1es ~~rthy ol mention

in t h i s  rei~ar( I  a r c  r i t e  dec i s ions  r e l a t e d  to  t h e  f;jst breeder reactor

and the centra l station solar technoIi i~;ie~..

Main Model Developrnents

The main model developments are listed below . t4aturally, most

of then deal with overcoming the deficiencies j u s t  outlined.

• Coal Modu le——Ph ys ica l  S u p p l y  Curve of De l ive red  ( o ~t I

(factors included: water , environment , chani,in~ tr ansportation

r equ i rements )

• Lor~~er P1aru4~&Horizon~
_lOO Year Model with Vari abl e Time Period

Aggregat ion  for  Computa t iona l  E f f i c i e n c y

• Potential I n t er f ue l  and Capital Fuel Suhst i t uti o~1 Module--Incor-

porates E f f i c i e n c y  improvements  and Const raints i mposed by

E x i s t i n g  Stocks o~ Utilizing Devices

• Well ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ but More Aggregate

Substitution Functions for Consumers and Industry

• Financial FIo~ Model—-To S tudy  Market Imperfect ions
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A coal module Is be ing  prepared  that t ;ikes i n t o  a c c oun t  t h e

following considerations related to signifi cant increases in the coal

production: water availabilit y c onstraints , e n v i r o nm e n t a l  considera-

tions related particularly to high sulfur coal , and shifts as well as

increases in transportation requirement s related 10 anticipated in-

creases in the market share of western coal. While it is true that the

supp ly curve of coal at mine mouth is relatively flat , a mo re meaning-

ful treatment of coal must take into account the above economic iti d

environmental considerations [4, Appendix DI .

An approach is being developed for extending the p l anning horizon

to 100 years. The staircase structure of the PILOT model with 20 five—

year periods would take a s i g n i f i c a n t l y  longer c o m p u t a t i o n  t ime . To

overcome this  d i f f i c u l t y ,  a computer  program has been developed and

is being tested to aggregate the 20 time periods into a smaller number

of time periods Df variable length. The length of any time period in

the aggregation can be any desired multiple of five years [4 , Appendix  U~~.

A major area of development deals with modeling of the substi-

tutions on the demand side. Two approaches are being pursued. The

first one concerns process analysis based modeling of the limited a rea

of interfuel and capital fuel substitut ion, the objective of which is

to facilitate studies dealing with the determination of potential sub-

stitutions away from the scarce forms of energy that explicit l y take

into account tt3e fact that the demand in the short run is “locked” into

the existing stock of utilizing devices, and either retrofitting or

replacement is required to bring forth adjustments (4, Appendix CJ .
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~I i (  ~-,I’( t l1 i ap;)r (’a( 11 ( f l  & m s r. dcl l u g  ~tf  a much m o r e  compr ehen—

s i we i~ ( o~ o h  1 it Ut I~ e ill t ~ 4 O~~~ t t i ? ~ & r ant i  I ~ cji.s t r i i i  demand bu t  on

a h ~h I v t~~g r . c~i t d ~. Ic . I nip I et f le ’f l  t a t  i ii ~ ‘ ~oil~ ;t it i t t  io f l S iS ark 1 eyed

.1 , i & r t I  l v  ! p ;ilrwisc suih ~ t h u t  ion s .  ‘‘ l I i t r a r c h i t  a l  homotlict Ic

ii j e ll s arc  t ed t o  i i i t h e r n a t  le a !  lv express the c i t e  ice making behavior

:und  t e c l i n o l o g i ~~a I  sub s t  i t u t  lOtis [31 .

l i u u a l l y ,  some basic r esea rc h is  b e i n g  conducted in the area of

modeling m a r ket  I m p e r f e c t i o n s .  The I e y  idea here is an observation

that the shadow prices f rom l inear  p r o g r a m m i n g  are marg inal prices

and do not reflec t marke t prices which may be ~nffected in part by insti-

tutiona l factors (e.g., salaries, taxes , profits , subsidies). The

purpose of the Financial Flow Model is to derive a modified set of

dual variables which reflect a number of these institut iona l factors

(20].
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Technical Report SOL 77—19 , July 1977, “The Stanford PILOT Energy/Economic
Model”, by T.J. Connolly, C.B. Dantzig, and S.C. Parikh

The PILOT Energy Modeling Project being conducted at Stanford ’s Systems

Optimization Laboratory is concerned with (1) performing modeling and method-

ology research dealing with construction and solution of reasonably large

scale mathematical programing models of energy/economic systems , (Ii) using

the modeling research towards analysis of some of today ’s important energy

questions, and (iii) using the modeling and methodology work for construction

of better models for improved analysis of tomorrow ’s important energy ques-

tions. At the core of the project activity is the development of a multi—

sector, interteinporal linear programming modeling system that describes in

physical terms many of the technological interactions within and across the

sectors of the American economy . The general aim of the modeling effort is

to permit studies (i) to assess how specific energy policies will affect the

energy supply/demand picture , and (ii) to assess how the physical capacity of

the economy over the next 30—35 years to provide goods and services to its

populace could be affected by changes in the energy supply picture .

Intertemporal linear programming models of the energy sector and the

economy provide a unique medium for exploring future energy policy options.

This paper prçsents the first version of PILOT together with three illustra-

tive scenarios. The model deficiencies and new developments in progress are

briefly discussed.
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