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ENERGY ti DFIS AND MR (2— .;(;/~T I ’  (2y~TEM (2 1)1 Tf ~~1 f~T1

;enrge h. r ) ant ci(2 an~ iThOi len-~r’t (2. I arikh

St. uifo,’ (  Un i v e r s it y

T1ie op t i mi~’atIon of lar -cc~i1e dynarnir energy supp ly, environmental side e f fec ts , eoer~y
syci ~ns represents a centra l  area of research resource conservation , etc ., ~s well as the national
wh’~~e “l(Cf’:;fUl out. roru? couI~ mako impor tant  con— welfare considerat ions of unerri~ ].oyment , in f l a tion
tr i~ t ions to the analysis  of c ruc i a l  noti.onal ansi and living standards .

p” o~ lemc . Although a great number of papers
h a y — ~ ‘en pubtir he l on thu theory of solvin g large— Some of the importar .t questions that aont
see I— ‘y - ~t e-a; , not much In soft - , ’~ rc ex i st s  that be considered in detail ir. the formu lation of the
can s ic”e: ;st ’u l ly  solve ru ch syct ~-’m s. We (o?l i ve energy policy (or policies j are the fol lowin(2 :
t~ - t  there has been l i t t l e  pr ogre s- , because there (1) Are we using up our cheap energy resources toonu e n li t t le  in the u :y  01’ extensive experimen . quickly?
~o ’i n .‘orrip aring methods ‘(flier l ab or atory - l ike  ~~~~ (2)  Are we making sufficient investments now soit ioss  on representative mo dels .  At Stanford’ s that new energy technologies will come into
~y~tc~rn Optimi :a t lon  Laboratory (SoL l , to bridge comm ercial operat ion when needed in futu re
~~~ gop between theory ani application, we years?
-: kvelop experimental software for solving (3) 00 we have sufficient physical capacity to

larfe—scale dynamic systems, build the required new plant and equipment in
(~~~~sy .~ternatically com~are proposed techniques on the energy and nonenergy sectors without

representative mo~iei-~, seriously hampering growth in consumer con-
( 5)  record and disseminate information regarding sumption, or will some sacrifice in consump—

ex perimsntal results . tion be necessary?
(14) What are the various energy options under

different patterns of crude oil import price
PILOT Energy-Economic Model realizations?

(5) What will the short. and long term impact be
D~rnamic models that describe the inter- if oil and gas discoveries are less than pre-

actions between the energy sector and the general dicted?
economy help in providing a focus to our research (6) Can we find an energy policy that is robust,
in experimenting with large-scale optimization i.e., one which hedges against various con-mod els. Models of this type are under development tingencles?
~ j a number of groups to study the energy crisis
and a probable future crisis in the area of food it is our belief that dynamic mathematical pro-
(.‘~rjci;lture). Developer; of these models could gressning models can, at the very least, provide‘cake effective use of techniques for solving analysis and information on these and other ques-
l”rpe-scalo systems, !~ 

they were ava ilable. tions and can substantially improve the understand-
ing of the interactions that must be considered.

Today’s pol icy makers at industrial, Such models have been developed at IIASA , at the
governrrcntal and international levels are faced Electricitê de France and by various groups in thew i t r .  ~i.e decisions on providing the needed energy United States.
I i i  thu y ears ~~ come at acceptable social cost.
(2uch ie”isions must take into account many corn—
p tex interactions related to the technology of In the Systems Optimization Laboratory at

Stanford we have under development a linear pro-

~esearch of this paper was partially supported granTning model for assessing energy—economic op—
by the Office of Naval Research Contracts tioris in the United States, called PILOT [7) . It
N000l .-75-C-O (7, M~OOl14.75-C-OR65 ; U.S. Energy spans a wide spectrum of activities of the economy,
Pesearch and Development Administration Contract from exploration and extraction of raw energy to
E ( OL—5 -5~ L IA #18; the National Science Founda- industrial production and consumer demands for all
lcr~ G rants ~4~S7l_O55 11l A014, DCR(~-Oi45i 14; the goods and services, The data requirements there—

Electric Power Research Institute Contract fore cut across many different sources——consumer
flU I :- — l; an! the Stanford Institute for Energy surveys, import/export and trade balance data,
:;tu.uec at Stanforu University. manufacturers surveys , mining data, input/output
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no. cap it o l  c o e f f i ci e n ts , energy consumption and C’ n- .nop t ion  i s  mo del ed In  terms of the sn—
s ;h st !t u t lon  lata , encr~’y technology lata f r  a cumpt .ion vortor  of the nvora t ~u consumer. This
Prookhaven National Laboratory and oil an si gas sect’)r doe:; not have a f ixed  bill  of goods per

l~ rat ion and production lata . Hence , there is capita but  varier as a funct ion  of a parameter
a n o n t r i v i a l  problem “f achieving consistency and representing the real consumption income attained

1’ :;electin~ a meaning fu l level of detail so that per cap ita . Base’) on an analysis of historical
the model stands as a whole rather than as a con— data , consumption of any item as function of aver—
gl o’-~.ration of’ parts that could collapse under nge con~urnption income is nearly linear 12 1.
cnrer;l analysis. We believe that the initial ver—
d o n of the model being built will meet this test. Capacities for each of the 111 nonenergy

sectors and all of the energy processes are d i f f e r -
The PILOT model is a statement in phys ical entiated f r om one another. The heterogeneous cap—

f]o~’ terr”, to the extent possible, of the broad ital equipment of the nonenergy sectors is depre—
technological interact ions within and across the elated, whereas the energy facility capacities are
cecto~s of the economy , including, but In greater assumed instead to have undepreciated, fixed life—
-~e tail , the energy sector . A typical  run of the times. Construction lags are used to specify the
mu el describes what the country could achieve in time it takes to build new capacity. These eon—
phy c Ical terms over the long term, say ~~ years . struction lags may be chosen indivithally for all

lR nonenergy sectors as well as for all energy
A prel iminary version of’ the model has facilities.

been completed and several useful scenarios have
been run 1( 1. In 197 / , improved versions of the The exports are treated as final demand
mo t el  w i l l  be developed , with more detail regard — items . The imports are considered In two parts ,
ing exploration and extraction by regions , mo re competitive and noncompetitive . The noncompetitive
tetailed modeling of various conversion processes , Imports are for those goods and services for which
butter representation of foreign trade, substitu— no domestic substitutes exist. They are treated
tiois, financial flows and the effect of prices on as a pert of the technology of the consuming in—
demand and production. duatrial. sector. On the other hand, competitive

imports of goods and services for which domestic
The Initial version of’ the PILOT model is substitutes do exist are treated as activities that

an eight period, 140 year model which has approxi- can au~ nent the domestic production. Finally, a
mately -00 constraints and 2000 variables, trade balance constraint ties together the amounts

of all imports and exports. Typically, we have
The model is a description in input/output assumed over a five year period that the value of

ter’s of the industrial processes of the economy total exports be matched by that of imports.
an-I the demands for consumption, capacity forma-
tion , government services and net exports. The The labor force is assumed to be exogenously
description of the processes that provide useful given. Also, average labor productivity is assumed
ener~y to the economy constitutes the detailed to grow at an exogenously given rate. In sample
energy submodel. This consists of technological runs, the “ standard of living” attained appears to
input/output descriptions of the raw energy cx- be very sensitive to this factor .~ In the base
traction and the energy convers ion processes as case, 2% per year productivity growth is assumed .
well as the energy import and export activities.
Four linkages interconnect the energy sector and The detailed energy sector contains the con-
the rest of the economy: energy demands of the ventional energy technologies, such as oil refinery,
economy, bill of goods needed for energy process— coal fired plant, etc., as well as new technologies,
Ing and capacity expansion , total manpower avail— such as coal synthetics, oil shale, plutoniu~,, firedable to all sectors (including energy l and a trade reactors, etc.
balan ce constraint which requires the equating of
total ex~iort ,s to total imports when these Item s The description of the energy sector inc ludes
are evaluated in 19C1 dollars ove r successive an accounting of reserves remaining of three ex-
f i v e  year periods . See Figure 1, which shows the hanstible energy resources: oil, gas and uranium.
aa~or blocks of coefficients in a time period , For oil and gas , fi nding—rate functions are used
a n t  its link to the next time period show below to specify the amount of oil in place and gas re—
ansi to the left of the dotted lines, serves to be found for a given amount of drilling

effort . The level of drilling effort is endoge-
A s noted earlier , the equations of the nously determined . The advanced (and expansive)

model express the balances of various physical techniques of secondary and tertiary recovery are
flows. For the energy sector , the balances of also defined in the model. Alaskan oil production
coal, oil , gas , etc. are each expressed in 8Th and the Trans-Alaskan Pipeline System (TAPS ) con-
units .  For the economy, the units are 196 1 struction are assumed to be exogenously given. For
dollars, which are obtained by weighting the natural uranium., increasing facilities and man-
under lying physical flows of goods and services power are requi red to extract a ton of ore as more
(assu med to be in fixed proportions) by 1967 prices and more is extracted. In particular, progress-
per unit. ively higher amounts of uranium mining and milling

capacity ar, needed to process the poorer grade
The Industrial sectors of the economy are ore per pound of uranium oxide obtaIned . While , in

represented by a 23-order input/output matrix . The princ iple, generalized linear programming could be
sectors are grouped as follows: 5 energy sectors , used to model the nonlinear functions, we, in f as t,
I agriculture, 1 nonenergy mining , 5 energy inten- replaced the nonlinear functions by broken line
sive manufacturing, 14 energy nonintensive manufac — fits.
turing, 14 services and 3 capital formation .
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The l ILOT model can be used In conjunction could reduce the “ standard of l iving ” achievai
with any desired social bjectiv~. Consideration by ~iW ny ~~~ This conclusion has been criti—
of reasonable alternative objectives requires ctzei because the model assumes that consumption
further investigation. Some objectives may re— patterns of pc p ie at l i f f ’sr en t  income levels will
qs iz~ their expression partly in the form of extra remain unchanged ( i . e. they won ’t practice csn s er—
constraints  as well as in the values of the coef— vation or change their life styles~ and that pro—
fioients of the maximand . The objective chosen duction met hods will be no more e f f ic ien t  in the
in the base case in the in i t i al  version of’ the use of energy in the future than they are today .
mo tel is the und iscounted sum of the gross na— This criticism we feel nas merit and we are, mc—
tional consumption over all 140 years , subject to cort ingly ,  considering revisions in the aodel to
(1~ a “monotonic per capita” constraint which include mr P substitution and conservation po~si—
states that tie average per capita consumption must bilities.
be non iecreasing over tine, and (2) an initial con-
dition which sets a lower limit on first period Because of exc~ Llent liaison with other
consumption. Experimentation with other maximands groups working in the energy field , we anticipate
is possible. For example, we have experimented that the prsposeJ physical flow mo tel will contri—
with liscounted gross national consumption . bute to the formulation and solution of the more

detai led specialized models under development
The objective of PILOT is designed to per— elsewhere. In particular, the PILOT model is one

mit one to determine feasible solutions to our being compared with other models by the newly
economy--In particular, what level of investment formed U.S. Energy Modeling Forum in Its examina-
‘in physical terms s both in the energy and non- tion of the feedback effects from the energy see-
energy sectors is necessary in order to have as tor on the economic growth.
high a standard of living as possible for the grow-
ing population. Solving Multi—Time—Period Models5

Once the physical flows are determined, it Solving energy models by commercial linear
is possible to solve a related financial invest- programming software is proving to be expensive.
rent model. The financial flow model calculates Large—scale techniques, such as those under devel—
a system of prices, taxes, salaries, profits, in- opment at the Systems Optimization Laboratory, are
terest rates, etc. that is internally consistent currently under test to see if they can help solve
in the sense that all economic agents--consumers, these models more efficiently.
producers , government, etc.,—— receive sufficient
monies to pay their expenses for the specified Conceptually, the decomposition principle
physical flows. The prices generated by the model [8) has proved to be a natural approac~’ to break—
csn be adjusted to be, at the same time, nonin- tog up large systems and to decentralized decision
flationary , i.e., to have the same buying power as making. So far , computational experience has been
base year prices. We also are giving some thought limited, but it is known that several devices can
to incorpo rating in the model productio n and demand be effectively combined with the decomposition
funct ions to adjust input/output coefficients as a princ iple to accelerate the iterative process.
function of prices. In the initial version of the Classic research along these lines can be found in
model these coefficients are fixed, however, the work of Rosen [17), Beale [3), Gass [9], Bell

[14 J , Abadie [1), Bennett (5) , as well es in the
To illustrate some of the output of the joint work of Wolfe and Dsntzig [8). Areas of

m o t e l , a typical base case assumes a 2% growth in SQL research include (1) intertemporal models
labor productivity, 20% limit on the total amount with staircase structures, (2) the continuous
of energy purchased overseas, certain limits on simplex method for linear control problems with
the rate of growth of coal production, etc. A base state—space constraints, and (3) general large—
case run computes consumption income (income after scale dynamic nonlinear problems.
taxes and savings). Zn 1975 this income per capita
(in 1 ‘15 dollars) was about $14 500 . Based on these Recently, experiments have been conducted
assumptions , the model states it is possible for at SQL comparing the Decomposition Principle ap.
the country to have a future consumption income proach with a special variant of the simplex method
per capita relative to consumption per capita in known as Generalize d GUB. These tests were limited
19(5 as follows: in nature but indicated that Generalized GUS is

superior. Our research on dynamic systems is
!2L~ ~~~~~ 19” !2.~~ !22~ 2000 , 2010 therefore examining variants of the simplex method

1.0 1.0 1.2 1.6 1.7 l. ’~ 2.0 2.2 as well as special methods for decoupling stair-
case and block-triangular systems. See Figure 2.

This possible future can be compared with that ob- We plan to compare these approaches with the nested

tam ed from another scenario, which is the sane as decomposition algorithm of James K. Ho and Alan S.
the base case but restricts the use of nuclear t’~~me for staircase systems 1121.
power plants. This naturally results in a lower
achievable per capita consumption income, Relative Staircase systems have historically proven
to 1975, the results are as follows: to be very difficult , usually requiring a dispro —

porttonate].y large number of simplex iterations
~ 97Cj  ~~~Oj~ Q ~~~~ l~~5 ~~~Q ~~~5 

p~~~ 
to solve ,

1.0 1,0 1.2 1.5 1.5 1.5 1.5 1.5 
_________

Compari ng the two scenarios at the year 2010, we This section 1. based on a suemary pr epared by
have 2.2 vi. 1.5, i.e., the nuclear restriction J. A. Tomlin.
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FIJJRE 2. Th. Staircase Structure of the PILOT Energy Model

J.A. Tomlin of SOL has expevmment.d wi th One of the more promising methods that
a partial decoupling of time periods within a have been investigated for reducing solution time
model by relaxing the intertemporal constrai nts, for dynamic models involves several modifications
The expectation is that such a relaxation will to the simplex method designed to take advantage
result In a more easily solvable model , whos, of the special propert ies and behavior of such
solution can be used as a starting point for the models . The essential property of interest is the
real model , using some “ gradual” approach to re- tendency of the same type of activity to be basic
store the intertesçoral constraints. As might be over several successive tine periods. It there—
expected, the results of this approach are quite for. seems desirable to introduce a profitable
problem dependent, and sensitive to the degree and type of activity in as many tine periods as possi-
the kind of relaxat ion employed. It appears that ble itasttameously . To do this L A .  Saunders and
tightly constrained economic planning models , of J.A. Teslin have explored variants of the reduced—
the type available to us for these experiments, gradient method (a nonlinear programing algorit)a
require n more sophisticated approach. Other alread y tmple.eat.d by Murt agh and Saunders in
types of staircase models are being acquired to MI*)8 ( LIe J) on the.. linear problem, to change
further t..t this idea. seveisi noabasic variable s siemltaiteousl3’, in

S
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contrast to the stendard simplex method which faci l i tate  comparison betweer, the specialize’:
chri nges only one nonbasic variable at a time . To simplex and decomposition approaches to these
en5ure that the correct nonbasic variab]e’~ are models,
uie I , a “ special pr icing” technique is employed.
When the problem is read in , similar activities An alternative to all of the above numer—
in different time periods are identified (from the ical treatments of discrete multi-time—period
column or variable names) and linked by a circular models is to attempt to solve the underlying con—
lI nt . Thus when an activity is priced out and tinuous time problem, which can be thought of as a
found to have a favorable gradient, the correspond— linear control problem with state—spd.ce constraints.
~ng vectors in other time periods can be easily G.B. Dantzig and R.E. Davis are investigating a
found an-I examined , and, i f satisfactory, included “continuous simplex method’ for such problems. Al-
as ~-‘tn dtdates to be changed . It is then possible though progress has been made, much work remains
to make a step which Introduces an activity in to be done,
several successive time periods simultaneously.

Preliminary experiments with the above Selected Bibliography
aporoach have led to a reduction of 2O—5O~ In
P hase II iterations when compared to the standard E l )  Abadte , J.M , (1962), “Dual Decomposition
s implex method appLied to the type of economi c Method for Linear Programs ,” Coup. Center
planning models referred to above. It is clear Case Institute of TechnoLogy, July 19(2.
that many tactical variations of’ the scheme need
~o be studied. [2] Avriel , Mordecai (1976), “Modeling Personal

Consumption of Goods in the PILOT Energy
If it is advantageous to bring in an activ- Model,” Technical Report SQL 76—17, Depart-

ity simultaneously in many time periods, then, ment of Operations Research, Stanford Univer-
conversely, it should be advantageous to be able sity, Stanford, Californ ia.
to also force an unprofitable activity to its
lower bound in several time periods simultaneously, [3] Beale, E.M.L. (1963), “The Simplex Method
This is rather more difficult, since one cannot Using Pseudo-Basic Variables for Structured
tell whether a whole group of variables can reach Linear Programming Problems , ’ from Recent
their bcun~s while maintaining a feasible solution Advances in Math. Prng~, R. Graves and P.
~at least , not without incurring a heavy computa- Wolfe, eds., McGraw-Hill.
tional cost). The approach we have implemented
identifies groups of unprofitable nonbasic activ- [ 1 4] Bell, E.J. (19614), “Primal—Dual Decomposition
itles close to their bounds and forms a direction Programmi ng,” Industrial Engineering Depart—
vector scaled in such a way that if one of these rent, University of California, Berkeley,
variables reaches its bound then all of them do, unpublished ~Ph.D. Thesis.
This method has had some success in reducing the
iteration count when combined with the “ special [5] Bennett, 3.14. (1966), “An Approach to Some
pricing” described above . Again many variation s Structured Linear Programoing Problems,”
are possible, and very considerable furth er cx- Operation . Research~, Vol. 114, No. Z~, July-
per i mentation is required to refine the methodology August , 1966, pp. 636~6I45.
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far. (6] Dantzig, George B. (19514), “ Upper Bounds,

Secondary Constraints, and Block Triangularity
While we have concentrated on means of in Line ar Programming (Notes on Linear Pro-

improving the solution path (iteration count) gramming: Part VIII, X) , ” The RAND Corporation,
above , another means of improving solution tech- 1~4-1367, October 19514; also in Economet~~~~,niques for staircase models i. to speed up each Vol. 23, April 1955, pp. 1714—183.
step of the simplex algorithm by taking advantage
of the special structure of the basis for such [7] Dantaig, George B. and S.C. Parikh (1975),
problems. As early as 19514, G~B. Dantzig [ 6)  “On a PILOT Linear Programming Model for
pointed out that such problems exhibit an “almost” Assessing Physical. Impact on the Economy
scuare block— triangular basis structure which of’ a Cha nging Energy Picture,” Energy: Mathe-
could be decomposed into a product of a true matics and Models , Fred S. Roberts, ed , Proc.
squ ire block-triangular matrix and another matrix SIMS Conference on Energy, Alta, Utah, July
with only a few column s differing from the unit 1975, pp. 1—23.
matrix , The advantage of this procedure is that
square block—triangular matrices can themselves [8] Dantaig, George B. and P. Wolfe (1961), “The
be very efficiently decomposed to give a very Decomposition Algoritha for Linear Program-
sparse factori zation of the basis. A ver sion of ming , ” Econome tri c~ , Vol. 29, No. 14, October
this  method , employing modern factorizat lon tech— 1961,
nique., has been implemented at SOL by A, ? .  Perold
(a graduate student) and is now being tested on [9] Gaa s, Saul. I. (1966), “Tb. Dualpiex Method
problem, of significant size. Early indications for Lar ge-Scale Linear Programs,” Operations
are that this method of handling the basis can in— Research Center , 1966—15, University of
deed be more efficient than a direct treatment California , Berkeley, June 1966, Ph.D. Thesis.
which doe, not take the staircase structure of
models into account , Perold’ s code is based on (10) O.oftr ion, A. (1970), “ Elements of Large-
aOL’ a LP!4l linear prograaming code , as was the Scale Mathematical. Programming, Part I,
nested decomposit ion code by J. k, No and A. S, Mann. Concepts ,” Management Scienc e, Vol. 16, In.
f l.2 J for the same clas s of problems , Th is should 11, pp. 652—675.
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TR SOL 76-23: “Energy Models and Large-Scale Systems
Optimization” , by G.B. Dant zig,  S.C. Parikh

The optimization of large-scale dynamic systems represents a
central area of research whose successful outcome could make
important contributions to the analysis of crucial national and

world problems. Although a great number of papers have been
published on the theory of solving large-scale systems, not much

1 in software exists that can successfully solve such systems.
We believe that there has been little progress, because there

has been little in the way of extensive experimentation comparing
methods under laboratory—like conditions on representative models.

At Stanford s Systems Optimization Laboratory (SOL), to bridge

this gap between theory and application, we
t)) develop experimental software for solving large-scale

~ 
) dynamic systems,
(
~~ systematically compare proposed techniques on representative
‘ 7 models ,

record and disseminate information regarding experimental
results .

This report gives an overview of some of the work being done
at the Systems Optimization Laboratory.
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