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Abstract: Models for energy policy assessment have been developed using both
process analysis and econometrics. The process approach provides for the in-
corporation of information on future technological and structural changes
based on detailed engineering studies. The econometric approacﬁ is well
adapted to the description of aggregative consumer behavior and economic
activity. This paper bresents a new approach for policy assessment, inte-
grating process analysi§ and econometric models that have been used exten-
sively in energy policy analysis and technology assessment. We illustrate
the application of this approach by an analysis of a national research,
development, and demonstration plan for the United States.

Publication: Bell Journal of Economics, Autumn 1977.




ECONOMIC AND TECHNOLOGICAL MODELS

FOR EVALUATION OF ENERGY POLICY

by

Kenneth C. Hoffman and Dale V. Jorgénson

1. Introduction.

The Arab oil embargo of 1Y/3 and the extraordimarily cold winter of
1977 are part of é series of events that has elevated energy policy in the
United States to the highest level of social priority. A new Federal govern-
ment agency, the Federal Lnergy Administration, has been established to ad-
minister price controls and associated allocation mechanisms adopted in the
face of higher world oil prices. A second agency, the Energy Research and
Develoﬁment Administration, has been established to co-ordinate researcn,
development, and demonstration projects for the energy sector. These agencies
will now be incorporated into a new cabinet-level Department of Energy. Energ:
research and development in the private sector has expanded.with increased
{:uancial support from both govermment and private sources.

The guidelines of a national enecrgy poli.y for the United States

1 .
hnve gmerged; detailed programs are being .levoloped and implemented. To
preserve flexibility in the face of uncertaint; a continuous assessment of
existing programs is required. Analysis is needed for likely impacts of
such policy measures.as price controls, taxes to stimulate energy conserva-
tion in the private sector, government support to generate additicnal con-
ventional energy supplies, and government sponsored research and development
programs, directed toward providiné new technology for energy production,

. cuaversion, and utilization. The evaluation of new and existing uievgy



policiés must incorporate information ffom detailed engineering studies ¢f
specific technologies emergiﬁg from research and development programs and
must include the assessment of policy impacts on the structure of the ener;y
sector and on the overall level and composition of economic éctivity.
Alternative modelé for enérgy policy assessment have been developed
on the basis of both process analysis and econometrics. In the process
analysis approach'energy.flows and energy conversion processes -are described
in physical terms. The description need not be limited to a particular.
technology, but can encompass the entire system for the production and
utilization of energy. In the econometric approach the representation -o:
technology is based on behavioral and technical responses of production
patterns to alternative prices; a similar approach can be employed for the
representation of consumer preferences. Flows of economic activity, in-
cluding energy flows, are descriped in terms of economic accounts ‘in current

and constant prices.

The process approach provides for the incorporation of information from
detailed engineering studies, including studies of technologies that are under
consideration for futuré iﬁplementation. This gpproach is well adapted to the
description of the energy sector; however, the representation of. aggregate
economic activity by means of process analysis is infeasible. The econometric
approach is Qell adapted to the description of aggregate economic activity in
summary form and provides for the analysis of policy impacts on the overall
level of economic activity and its distribution among industry groups or groups
of consumers. Howevér, this approach is infeasible for the study of technolo-
gies that are.not already in use or for the study of consumer preferences for

commodities not already in existence.



A satisfactory framework for the assessment of the full range of altornativ.
2nergy policies req;ires an approach that encompasses both process anélysis and
aconometrics. Since the output of the energy producing industries is largely
consumed by other industries rather than by final consumers such as households,
sovernments, and the rest of the world, a natural focal point for the study of
*he impact of energy policy is the maﬁrix of interindustry transactions, repre-
senting flows of comioditiés, including energy, among industrial sectors. For
the energy sector these transactions can be expressed in economic terms, in
surrent and constant prices, to provide a link with econometric models. These
energy sector transactions can also be expressed in physical terms, in British
thermal units, to provide a link with process analysis models. Using both forms
for the expression of energy flows, process analysis and econometric modeling
2an be combined.

The purpose of this paper is to present a new approach for the assessment
of energy research, development, and demonstration policy, integrating process
analysis. and econometric models that have already been used extensively in
energy policy analysis and technology assessment. The first compoﬁent of the
approach is an econometric model of interindustry transactions together with
a macroeconomic model, presented in Section 2, developed for the Energy Policy

: \
Project. The second component is a process analysis model of the energy sector,
also bresented in Section 2, developed for the Energy Research and Development
Administration. We present the combined econometric and process analysis
approach in Section 3; a preliminary model based on this approach has been
employed by the Energy Research and Development Administration in the con-
struction and analysis of a national research, development, and demonstration
plan. In Section 4 we employ'fhe results of a policy analysis prepared for
the national plan to illustrate the application of this approach to energy

policy assessment.



The methodology for our combined econometric and process analysis model
is illustrated in Figure 1. The econometric model reflects economic impacts
at the aggregate leQel, including changeé in final demand and employment,
that result from changes'in energy policy. The process analysis model deter-
mines the optimal use of resources for a given energy policy and a given
2conomic environment. Our mefhodology can be applied to a wide range of
nationél poiicy questions where the technnlongical component is significanc.
In any policy area involving technology it is necessary to make explicit the
telationships between choice of technology and the economip aﬁd social en-
vironmeitt. Process analysis is the most appropriate methodolbgy for describfgg
alternative technologies; econometrics provides a basis for describing tbe
aconomy as a whole. Our model represents the first attempt to implement a

model that combines the advantages of both methodologies.



Figure 1. Combined Econometric aand Process Analysis Mcdel.
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2. Econometric and Process Analysis Models.

Thé first component of our model for the analysis of energy research,
development, and demonstration policy is an econometric model of interindustry
rransactions, developed by Hudson and Jorgenson (1974a). ‘This model is
hascd on a system of accounts for the private domestic sector of the U.S.

wonomy, including final. demand, primary input, and interindustry transactions

in current and constant prices. By means of this accounting system we can

zrace the process of production for energy and non-energy products from the
purchase of primary inputé through all stages of %ntermediate‘processing to
deliveries to final demand. The accounts in constant. prices correspond to
commodity flows in physical terms. For energy sectors (or'industriés) these flows
can be measured in phvsical units such as tons of coal, barrels of petroleum, and
thousands of cubic feet of natural gas, or, alternatively, in energy units

such as British thermal units (Btu's)}' The accounts in current prices correspound
to flows in financial terms and can be uéed to geﬂerate financial accounts for
eéch industry groﬁévincluded in the model. For energy and non-energy sectors

the prices can be expressed as index numbers; for energy sectors the prices can
also be given in terms of physical or energy units,

In our system of ‘accounts the private domestic sector of the U.S. economy
is divided among nine industry groups, including five groups within the energy
sector -- coal mining, crude petroleum and natural gas, petroleum refining,
electric utilities, and gas utiiities. Our representation of the energy sector
provides for an analysis of the impact of energy research, development, and
demonstration policy on the industrial sectors directly affected by changes in
eﬁergy technology. By incorporating final demand and four industry groups

making up the non-energy sector we can assess rthe impact of changes in energy



technology on the sectors that consume energy products. Our complete systeuw
of accounts is represented in diagrammatic form in Figure 2. The nine
industry groups included in the accounting system are listed in Figure 2.

In this Figure we also list three categories of primary inputs -- capita.i
services, labor services, And imports -- and four categories of final

demand -- consumption, investment, government purchases, and exports.

In oﬁr system of accounts for interindustry transactions, éach industry
group purchaces primary fnputs aud iutermedlate inputs produced in each of
the nine industrial sectors. These ﬁurchases are represented as columns
of the matrix of interindustry transactions in Figure 2. Intermediate
inputs include five types of energy -- coal, crude petroleum and nafural
gas, refined petroleum, refined natural gas, and electricity -- and four
types of non-energy products. The output of each industry is distributed
.t0 final demand and to intermediare demand by each of the ninc:industria!
sectors. These deliveries are represented as rows of the matrix of intur-
industry transactions in Figureiz. The rows corresponding to the five
industries that.make up the energy sector include deliveries of energy
products to energy and non-energy sectors and to final demand. Similarly,
.the rows corresponding to the four industries of the non-energy sector

include deliveries of non-energy products.
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Our econometric model of interindustry transactions includes balance
equations between supply and demand for the products of each of the nine industri.'
sectors iﬁcluded in the model.2 These balance eéuations state that the output ot
each sector in constant prices must be equal to deliveries of this output to !l
nine industrial sectors and to all four categories of final demand. For energ-
products the balance equations assure that for each form of energy, the energy
units produced must be equal to the energy units consumed by all industrial
groups and by final demand. Similarly, our econometric model includes balance
equations stating that the output of each sector in current prices must be equal
to the value of deliveries of this output to all nine industrial sectors and
to final demand. These eqqatiéns assure that differences between prices received
by pfodﬁcers and pfices paid by consumers reflect'excise and sales taxes paid on
the value of each product,

Qur econometric model of interindustry transactions includes models of
producer behavior for each industrial group included in the model.3 Producer

"behavior in each industriél sector can be characterized by a system of technical
coeificients, giﬁing primary and intermediate inputs per unit of output of the
sector. The model of producer behavior gives the technical coefficients as
functions of the prices of output and of primary and intermediate input. For
each sector the technical coefficients as functions of the prices are gener-
ated from the price possibility frontier, giving the minimum price of output
of the sector attainable for given prices of primary and intermediate inputs and
for a given level of productivity of the sector. The minimum price of output de-
pends on the technological possibilities for substitution among primary and
intermediate inputs, including the substitution between energy and non-energy
inputs and the substitution among different forms of energy. The price poséi—

bility frontier for each sector provides a representation of the technology
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~f that sector. This representation assures that the value of output of the
sector is equal to the sum of the values of all primary and intermediate inputs
into the sector.

Finally, our econometric model of interindustry transactions includes a
model of consumer behavior that allocates personal consumption expenditures
among the commodity groups includeq in final den.xand.4 Consumer behavior can
he characterized by a system of quantities purchased per capita. Thg model of
ronsumer behavior gives the quantities purchased as functions of total personal

~onsumption expenditures per capita, prices of thé products of the nine

‘ndustrial sectors, and prices of capital services and non-competitive imports.
The quantities purchaséd as functions of tofél expenditure and the prices can

he generated from the indirect utility function, giving the maximum level of
utilicy_attainable for given total expenditure and given prices. The maximum Jeve!
of utility depends on the substitutability of alternative goods and services

in consumption, so that the indirect utility function provides a represéntation

of consumer. preferences. This representationvassures that the sum of the values

of all quantities purchased is equal to total personal consumption expenditures.

Starting with prices of primary inputs -- capital services, labor
services, and imports -- and levels of productivity in each of the nine
industrial sectors, the prices of both energy and non-energy products are de-
termined by the nine price possibility frontiers. With prices of primary
inputs and prices of energy and non—énergy products determined from our
model of productién, we can generate the matrix of technical coefficients,
giving primary and intermediate inputs per unit of the output of each of the
nine industrial sectors. Similarly, with total personal consump;ion expendi-
tures, the prices of capital services and non-competitive imports, and the

prices of energy and non-energy products, we can generate the quantities
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sutrchased per capita of the products of the nine industrial sectors, capital
tervices, and non—compétitive imports. Given the level of population, we can
convert these quantities per capita to quantities of personal consumption
expenditures as a component of final demand. To obtain final demand for the
output of each of the nine industrial sectors we add personal consumption

axpenditures to gross private domestic investment, govermment purchases of

#4oods and services, and exports.

From the quantities of final demand for the output of each of the nine
industrial sectors and the matrix of technical coefficients, providing inter-
nediate input per unit of output of each sector, we can determine the quantities
of output of both energy and'non—energy sectors. We can also determine the
distribution of the output of each sector between intermediate and final demand
and the distribution of intermediate demand among intermediate inputs to each
of the nine industriai sectors. The output of energy sectors and its distribution
can be expressed in constant prices, physical units such as tons of coal or
barrels of petroleum, or energy units such as Btu's. From the matrix of
technical coéfficients of primary input per unit of output, we can determine
the quantities of primary input into each sector. ?inélly, given the nine
industrial prices and the prices of primaryAinpucs; we can express the flow of
primary input, interindustry transactions, and final demand in current prices.

We can generate the'complete system of interindustry accounts in current and
constant prices from the prices of primary inputs, the levels of productivity

in each interindustry sector, total personal consumption expenditures, and the
quantities of final demand for the output of each seccof for investment, govern-
ment purchases,m§nd exports.

The second component of our model for the analysis of energy policy is

a process analysis model of the energy sector, developed at the Brookhaven
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ational Laboratory (1973). This mode! is based on the Reference Energy System
nresented in Figure 3. This descripticon of the U.S. energy system provides

A complete physical representation of the technologies, energy flows, and
sonversion efficiencies from extraction of primary energy sources through
refining and various stages of conversion from one energy form to another,

and through transportation, distribution, and storage of energy.6 In the
Reference Energy System energy supplies such as nuclear fuels, fossil

fuels, and hydropower are allocated.to energy demands defined on a functional
hasis such as space heating, industrial process heat, and automotive trans-
portation. The char;cteristics of utiliziqg technoiogiés, which are important
in the identification of coqservaﬁion and fuel substitution options, are
included at the same level of detail as supply technologies. The allocation
2f energy resources to specific demands depends on the energy technologies
that are available for the production, transportation, distribution, and
storage of energy and on the cost and efficiency of these technologies. The
allocations may be dgterﬁined by a judgemental or optimization approach.

Conversion losses are represented by the efficiency of each conversion process

in physical terms. In the Reference Enefgy System all energy flows are
measured in British thermal units (B;u's).

In the Reference Energy System energy supplies and qemaﬁds are linked by
energy conversion processes, such as steam generation of electricity from coal.
This process converts a primary energy supply, coal, into an intermediate
form of energy, electricity. Electricity can be used to satisfy demands for a
variety of energy products, such as base, intermediate, and peék load electricity,
space heat, air conditioning, and water heat. For each process we can
specify the efficiency of conversion of primary energy supplies into inter-

mediate forms of energy and the efficiency of coanversion of the intermediute
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forms into finai energy services or products. For the cogl steam electric
process the conversion loss from the primary to the intermediate fofm of
energy is associated with the generation of electricity. Similarly, the
conversion losé from intermediate to final form of energy is associated

Qith transmission and distribution losses for electric energy and the Coti=
version efficiency of the end use device. The supply efficienc? for a given
energy éource is defined as the product of the supply efficiencies on a

path from the primary resource t§ the intermediate tormvof eitergy. Similarly,
the demand efficienc& is defiﬂed as the product 6f the demand_éfficiencies

on a path from the intermédiate form to the fiﬁal energy product.

The Brookhaven Energy System Optimizatidn Model (BESUM) is based on theé
allocation of energy supplies t§ energy demands to minimizé'cost.7 The mini-
mization of cost can be formulated as a linear programming problem of the
transportation type. Sources in the'traﬁsportation problem- can be iden}ified
with energy supplies; in.the optimization model there are eleven types of energy
supplies, including underground and strip-mined coal, domestic, shale, and
imported o0il, domestic and imported natural gas, and.hydro eiectric, nuclear,.
geothermal, and solar energy. Uses can be identified‘with energy demands, in-
cluding base, intermediate, and peak load electricity, low, intermedigte, and
" high temperature thermal, ore reduction, petrochemicals, space heat (including
heat pumps as well as electric resistance heat), air conditioning, and water
heat, and air, truck and bus, rail and auﬁomobile transportation. Energy storage

and synthetic fuels inclhding hydrogen are 4lso incorporated in the model.

The optimization model is designed around the Reference Energy System.
Each trajectory through the system from a resource to a specific end use
is represented by a single activity. The data for the model are:

1. The level of demand for energy services for energy products,
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consistent with those determined in the integrated model.

2. Annual production constraints on supply of energy resources and
availability constraints on new technologi'es.8

3. Characterization of energy supply and use technologies in Leruws ~f
conversion efficiency, capital and operatiﬁg cost, aund emissions to cﬁe
environment (air, water, and land).

4. Definition of objective function.9 This can be based on annual

cost, inrluding the cost of cnergy rescirces, vr on alternative objectives
that include utilization of primary resources, capital requirementé,

environmental impact, and dependence on imports.

‘5. Definition of any special constraints required to reflect policies

or market forces that result in departures from an unconstrained op! imuin.

iiven these data, the optimization determines resource utilization, tech-
nology, and fuel mix employed to satisfy the energy product requirements.
Activity levels are given in terms of the quantity of fuel or energy de-
livered from a supbly trajectory to the end use. |

In BESOH each energy supply-demand combination is associated with costs
of extraction, refining and conversion, transportation and storage, and final
utilization. Annual costs per unit of operation»of an energy conversion
process include both capital costs and operating costs. Capital costs are
converted into annual form and are conceptually equivalent to the capital
service prices that enter into the econometric model of interindustry trans-
actions. Constraints on the supply of energy resources and the degree ol
implementation of new technologies are based on geological inforﬁation,
market surveys and engineering judgement. A version of BESOM has been Qe—

veloped which incorporates supply elasticities to relate annual resource
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production levels to the shadow prices on resoﬁrces determined in the

model, Each energy conversion process produces environmental pollutants

as well as intermediate forms of energy. Constraints can be imposed on the
level of environmental pollution as well as on the level of énergy demand and
supply., Capacity limitations on energy conversion processes can be included
as separate constraints in the optimization model; additionai constraints
corresponding to balance requirements beﬁwéen peak and off—péak electricity
generétion can also be included.

The energy sector optimization model detcrmines a set of energy

~onversion levels that minimizes the cost of satisfying energy product

demands from energy resource supplies. The dual to this linear programming
problem is to maximize tﬁe value of energy products iess the value of primary
energy supplies by choosing a set of energy product and energy resource shadow
prices. These shadow prices assure that the value of the output of each con-
version process in actual use is equal to the value of input, including the
input cost of primary energy supplies and any scarcity shadow prices and costs
of extraction, conversion, and transportation, just as in the econometric modei
o} interindustry transactioné. Any energy resource with a positive price is
fully utilized; similarly, the demand for any energy product with a pasitive
price is exactly satisfied. Fur energy products and resources with positive
shadow prices, supplies and demands are balanced in both physical terms and
in curvent prices, as in our econometrié ﬁédel of—;;;;;;;;;;Lry transactions.
The solution of the dual to the energy sector optimization model de-
termines the shadow prices associated with energy products and energy re-
sources. The assignment of energy supplies to energy demands through energy
conversion processes determined by the model can be represented in physical

terms in the Reference Energy System format. Given the prices of resources



and the costs associated with energy conversion processes, BESOM also provides

a complete description of the energy sector in .financial terms. We can gener:: .
the resultant enérgy system scenario in the format of the»Réference’Energy
System in both physical and financial terms from the costs of energy conversic..
processes, the availability of enérgy resources, the requirements for energy
products, and any additional_constrainfs associated with conversion capacitie:

and environmental restrictions.

" In appraising alternative energy research, development, and demonstratir:

policies we first associate with each policy the resulting technology for the

crergy sectors changes in energy resea;ch and dé&élééﬁeﬁt policy'are aésociatea
witt changes in dates of commercial implemenfation, costs, and technical
chnracieristics of specific energy technologies.lo We can introduce the
corresponding changes in enérgy technologyiinto thevReference

AEnergy System in iwo-ways.v First,‘the introduction of new'technologies
brovides ne@ energy conversion processes in addition to tﬁase that already
exist.A Acceleratédvresearch, development, and demonatration programs may’

make it possible to acceleraﬁe thé introduction of new technologies.' Second,
the- Lmorovgment of existing .technologies may increase the efficiency of energy
conversion or may reduce the costs of extraction, conversion, or tranmsportation.
More extensive research, development, and deﬁonatration may speed the increase
in efficiency or the reduction in cost. The introduction of new energy trechnology
or the improvement of existing tecﬁnology may reduce the costs associated with
meeting given demands for energy products from given eaergy resource supplies.
For any change in the technology options resulting from naw policy initiatives
we can assess the eéfécts on the energy sector in both physical and financial
terms, using the enefgy seccar optimization model. We can also assess the

environmental impact of the changes, using the environmental impact associated

with alternative energv conversion processes.
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3. Hodel Integration.

We have presented the two models approach for the analysis of energy
research, development, and demonstration policy. The first is an economstric
model of interindustry transactions providing a representacion of the Lecuucicne
of the energy sector through models of producer behavior for five industrial
groups that make up that sector. In additiovn, the econometric model provides
a representation of the nén—energy sector through models ot prodicer behaViUL
for four industrial groups making up that sector and a model of consumer behavlicr
for the personal consumption expenditures component of final demand. The second
model féf the analysis of energy policy is an opg;;iz;;ién.model for the
energy sector providihg a much more detailed representation of the technology
of that sector through the specification of characteristics of energy con-
version processes linking energy resource supplies with energy‘resource
demands. The energy sector optimizationAmodel includes existing technologies,
such as steam generation of electricity from coal, and technologies that
can be developed through research, develqpment, and demonstration programs,
such as the liquid metal fast breeder reactor for the generation of electricity.

Although both components of our energy policy model can be used to genérate
a description_of the energy sector in physical and financial terms, the energy
sector optimization model provides a far more detailed characterization of
technology and permits the analysis of the effects of introducing new technologies.
The econometric model also provides a description of the non-energy sector and
generates a complete description'of the U.S. economy, including flows of primary
input{ interindustry transactions, and final demand in current and coﬁstant

‘prices. The energy sector optimization model is especjaliy well suited to the

assessment of the impacts of alternative research, development, and demonstration
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policies on the energy sector. The econometric interindustry model is well
suited to the assessment of the impact of these poiicies‘on the economy as a
whole. ABy integrating the two models we can combine'the detailed characterizatc.::
of technology available from the energy sector op#imization model with the com-
plete represehtation of the economy, including energy and non—engrgy sec.ors,
available from the econometric iﬁterindustry model; -This section describes
the conceptual bésis for the integraﬁion of the models. A.preliminéry vers
sion of the integrated model has been implemented and applied by Behling,
Dullieﬁ, and Hudson (1976).

Our integréted model}is based on an expanded system of ihterindustry
 accounts for the private domestic sector of the U.S. economy. In our
expanded system qf interindustry accounts the energy sector is divided
into energy resource sectors, enérgy conversion processes, and enargy product
sectof;. The remaininé coﬁponents of ou:Aoriginal system of.interihdustry
accounés -~ interindustry transactions in non-eﬁérgy products, priﬁary
inputs, and final demands -- are also included-iﬁ_the expanded system. The
expanded system of intgrindustry accounts is presented in diagrammatic form
in Figure 4. A complete list of'the sectors included in this system of
accounts is also given'ianigure 4. The non-energy industry sectors of our
expanded system correspond to industry groups that can be found in a con-
ventional interindustry accounting system. Similarly, primary inputs such
as capital and labor servicés»and final'demands such as personal consumptibn'
expenditures and gross.brivaté ﬁomestic investment occur in a conventional
system, +

To incorporate a deta;led pﬁysidal represeﬂtation of the energy sector

we have introduced categories of transactions involving energy resources,
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source Sectors:

Underground Coal,
Strip-mined Coal.
Domestic Oil.
Shale 0il.
Imported 0Oil.

“nergy Conversion Processes:

12,
13.
14,
15.
16.
17.
18.
19.
20.
21.

Secondary
32.

33.
34.

35.
36.

37.

Coal Steam Electric.
Coal Steam Combined Cycle,
0il Steam Electric.

- 0il Steam Combined Cycle.

GCas Turbines.

Gas Steam Electric.
Total Energy Systems.
LWR Electric.

LMFBR Electric.

HTGR Electric.

Domestic Natural Gas.
Imported Watural Gas.
Hydro Energy.

Nuclear Energy.
Geothermal Energy.
Solar Energy.

Hydro Electric.
Geothermal Electric.
Solar LElectric. .
Pumped Storage.

- Synthetic Gas from Oil.

Synthetic Gas from Coal.
Electrolytic Hydrogen.
Methanol.

Hydrogen from Coal.
Syanthetic 0il from Coal.

Energy Forms and Energy Product Sectors:

Base Load Miscellaneous
Electric.

Intermediate Load
Miscellaneous Electric.
Peak Load Miscellaneous.
Electric.

Storage and Synthetic Fuel,
Miscellaneous Thermal, Low
Temperature. '
Miscellaneous Thermal,
Intermediate Temperature.

Non-Energy Industry Sectors:

48.

49.

Agriculture, Nonfuel Mining,
and Construction.
Manufacturing, Excluding
Petroleum Refining.

Primary Inputs:

52.
53.

Imports. .
Capital Services.

Final Demands:

55.

56.

Personal Consumption
Expenditures.

Gross Private Domestic
Investment.

38.

39. -
40.
41.
42.
43,
44,
45.
46.
47.

50.

" 51.

54.

' 57.

58.

Miscellaneous Thermal, High
Temperature.

Ore Reduction (Iron).
Petrochemicals.

Space Heat.

Air Conditioning.
Water Heat.

Air Transport.

Truck, Bus.

Rail.

Automobile.

Transportation.
Communications, Trade, and
Services.

Labor Services.

Government Purchases of
Goods and Services.
Exports.



22

energy conversion processes, and energy products that do not correspond ko
industry secfors in a conventional interindustry accounting system. The
activities of the five industry groups comprising the energy sector in our
econometric model are allocgted among energy resources, energy conversion
processes, and energy products in the integrated model. For example, the
electric utility sector in the original system converts fossil fuels and
other energy resources into base load, intermediate load, and peak léad
electricity and into other energy products such as space heat and air con-
ditioning. In our integrated model energy flows are represented in energy
units (Btu's) as in the Reference Energy System. Nén—energy flows are
represented in constant dollars, as in our econometric model of interindustry
transactions. Given a set of energy product and energy resource prices and
prices for non-energy products and primary inputs, our expanded system of
interindustry accounts can also beArepresen£ed in current prices.

In the integrated model energy resources are delivered to energy con-
version processes and to final demand for inventory accumulation and for
exports. Energy resources are also used in the production of energy re-
sources; for example, coal is used as a fuel in the coal mining industry.
However, energy resources are not delivered to energy products, to non-—
energy sectors of our integrated model, to personal coﬁsumption expenditures,
or to government purchases of goods and services. The correéponding entries
in our expanded systém.of interiﬁdustry accounts are equal to zero. Similafly,
in the integrated mpdel energy conversion processes deliver their output
to enexrgy product categorieslsuch as miscellaneous electric demand and vail
transportatiou. The outputs of energy conversion processes are used in

energy conversion; for example, production and distribution of electricity
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require electric energy. There are no direct deliveries to energy resource
sectors, to non-energy sectors, or to final demands in our integrated model;
the corresponding interindustry accounting entries are zero. Finally, encrgy
products are delivered to non-~energy industrial sectors and to final demand.
There are no deliveries bf energy products to energy resource, energy con-
version, or energy product sectors, so»that the cofresponding intér;ndustry
accounting transactions are zero.

All final demandé for energy in our integratéd model, except.for in-
ventory accurulation and exports of energy'resources, are supplied by de-
liveries of energy produéts. Similarly, all deman&s for energy by non-energy
producing sectors are supplied.by Aeliveries of energy products. The first
step in the construction of our expanded system of interindustry accounts
ig (o disucqregate flows of energy from the five industry groups that make
up thie energy sector in our econometric interindustry model. Flows from these
groups to the four non-energy industry groups and the four categories of final
demand are distributed among energy product categories in our integrated model
on the basis of historical data. For example, deliveries from the electric
utility sector to non-energy industry groups and final demand categories are
diyided among base load, intermediate load, and peak load miscellaneous electric
and among the other energy products that can be supplied by electric. eneryy.
Not all ciiergy products can be supéiied b; ﬁéans of electricity. Miscellaneous
thermal, air transportation, and truck and bus transportation are examples
of energy products supplied by non-electric energy sectors in our econométric
ﬁodel of interindustry transactions.

The energy sectors in our integrated model employ inputs of capital and

labor services, non-energy intermediate goods, and energy. The energy inputs

are represented in the same way as in the Reference Energy System. Lncrgy
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resources areAAelivered to energy conversion processes aﬁd energy pfoducts
receive deliveries from energy conversion précesses. Inputs of labor sei-
vices and non-energy intermediate goods are components of operating cost :in
therbjective function of the energy sector optimization model. TE obtair
total 6perating cost in current prices we evaluate labor services and nc:-—
eﬁergy intermediate goods given a system of prices for primary inputs and
non-energy products. 4Similgrly, inputs of capital services are a.component
of capitai cost in the objective fuﬁction‘o[ the thimization model. Capital
cost in current prices is expressed in annual form. Tﬁe second step in
construction of our expanded system of interindustry éccounts is to dis-
aggregate'flows of non-energy products and primary inputs in the energy
sector optimization model. For each energy resource, energy‘conversion
process, énd energy product these flows must be distributed among the four
non-energy industry groups, capital_services, and labor services.

Our integrated modél is based‘on an expanded system of accounts for

interindustry transactions. The integrated model includes balance equations

between supply and demand for products of each of the fifty-one sectors included

in the model -- eleven energy resource sectors, twenty energy conversion

processes, sixteen energy products, and four non-energy industrial sectors.

The model- incorporates a process analysis representation of the technology

.0f the energy sectors of the model and an econometric representation of the

technology of the non-energy industry groups. It also incorporates an

econometric model for personal consumption expenditures. The integrated

model can be used to generate a complete system of interindustry accounts
in current- and constant prices. The integrated model can also be used to
generate energy flows in physical terms for the forty-seven categories of

energy included in the model.
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A’flow chart pf the integratéd model is bresented in Figure 5- The first.
_step inbsolVing the model is to solve the econometric model of interinduétry
transactions and thg energy sector optimizatien model separately. From
ﬁhese initial solutions we determine the final demands'for the non-energy
iﬂdustrial sectors and the demands for the five energy industrial sectors in
the eéonometric modei. Using a fixed distribution of final demands for the
'prbducts of‘thé fiQe‘energy séctors;to energy produét categories, we can
determine final demands for éixteeﬁAenergy products and for inventory aécumula»
tion and exports of energy resources. We obtain technicai coefficients for
the four non-gnérgy‘industrial sectors from the econometric‘model. Using a
fixed distribution of intermediate demands for the products of the five
energy.sectors to energy product categories, we allocate demands for energy
b& the four nonQenergy sectors among the sixteen energy products. NWe
obtain' technical coefficients.for the forty-seven energy séctors of the in-
tegrated model from the energy sector optimizétion,model. Civen the
techﬁical coefficients and the final demands, we can detefmine levels of
output for all fifty-one sectors of our integrated model. Given the prices
of primary inputs and non-energy ipdustrial products from the économetriﬁ
model, energy resource prices, energy conversion costs, and energy product
prices from the energy sector optimization model, wé cag éonvert the arrayv
of inte:industry transactions, final demands, and primary inputs into
.current pricés.

fhe secoﬁd step.in solving the integrated model is to.generate input
data for the energy sector optimizationAmodel. The eleven energy resource
supplies correspond to levelsvof energy resource output in the integrated
model. The sixteen eﬁergy‘product demands correspond to levels of encrgy

product output in the model. Unit conversion costs for the twehty energy



Figure 5. Flow Chart of the Integrated Model.
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Figure 5. Flow Chart of the Inrcegrated Model (continued). .
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Figure 5.

Flow Chart of the Integrated Model (concluded).
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conversion processes are the sums ol unit opérating and capital costs for

the coﬁversion'prOCesses of the model. Operating costs include costs of

labor services and costs of intermediate goods employed in the conversion
processes.ll Capital costs correspond to costs of capital services in.the
model. Thgse data define a linear programming>mode1 that is identical to

the energy sectér optimization model. Given the unit costs, the energy

product demands, and -thc energy resource supplies, the energy sector optimiza-
‘tion model generates cost minimizing levels for the energy conversion processes
aﬁd value maximizing prices associated with energ? supplies and deménds.

The third step in solving tHe integrated model is to determine prices
for products of each of the five energy sectors that appear in thé econometric
interindustry model. Prices of domestic petroleum, natural gas, and ;oal
cﬁrrespond to energy resource priées from the energy sector optimization
model. The prices of gas delivered by gas utiliﬁies, electricity, and refinecd
petroleum products are determined as a weighted average of the corresponding
energy‘product prices. The weights are based on the proportions of deliveries
of each fuel to each energy product'in the total of all deli&eriés of the fuel.
Given the prices of the products of the five energy sectors that appear in
tﬁe econometric ﬁodel, the prices of primary inputs, and the levels of pro-

" ductivity in each of the four non-energy industrial sectors, we can determine
prices for the products of thg four non-energy sectors from the.four price
possibility frontiers for these sectors from the econometric model. From
energy and non-energy prices and the prices of primary inputs, we can
generate the technical céefficients for the ﬁon—energy industrial sectors

of the integrated model. On the basis of these prices we can allocate total
personal consumption expenditures among the products of the nine sectors

of the econometric model and primary inputs.
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We have outlined three steps in the solution of the integrated model.
At the completion of these stéps we have generated a new set of data to
initiate the process of solution. We repeat the sequence of three steps
until the data employed to initiate the process are generated as a solucion
of the integrated model. The integfated model includes technical coefficients
for the energy sector from the energy sectér optimization model, technical
coefficients for the non-energy sector ffom the production models for the
four noﬁ—energy industrial sectors from the econometric interindustry model,
and fiﬁal demandé for energy and non-energy products from the econometric
interindustry model, al;ocated among the energy'products of the energy
sector optimization model. The expanded interindustry modei assures that
supplies and demands are balanced for energy resources, energy conversion
processes, energy products, and non-energy products.

To summarize: a solution of the inFegrated model consists of a
solution of the expanded interindustry model for which the following con-

ditions hold:

1. The energy conversion levels minimize cost for the corresponding
levels of energy demands and supplies, and the corresponding unit costs

of the energy conversion processes.

2. The prices of energy products and energy resources maximize
the value of the products less the value of the resources.

3. The prices of the five fuel types in the econometric inter-

industry model are generated by dual solution of the LP model.
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4, The prices of the four non-energy products are consistent
with the energy product and fuel prices and the exogenously given prices
of primary ipputs.

5. The unit costs of the enefgy conversion processes are con-
sistent with non-energy prodﬁct prices and the given prices of primary
inputs.

6. The technical coefficients for the energy sectors are those
associated with the cost minimizing solutions of the energy sector
optimization model;‘the technical coefficients for the non-energy sectors
are those associated with the prices for primary inputs, the four
non-energy products, and the five fuel gypes.

7. The final dgmaﬁds for energy and non-energy products are
those associated~with the prices for these products.

Under these conditions the value of the output of each sector of the expanded

interindustry model is equal to the value of the input of that sector.

4. Application.

We next present an application of the preliminary version of the model to
. . .12
the analysis of energy research, development, and demonstration policy. Our

first step is to establish a Bgse Case, representing a projection oif the U.S.
economy and the energy sector through 1985, that ‘meets the following specifications:
1. Real gross national product will grow at four éercent per year
from 1975 to 1585.
2. Energy‘prices will grow relative to the implicit deflator of
Ehe gross national product at 1.3 percent per year over the same period.

3. Energy supplies for 1985 are similar to the “cajibr-tion

case" presented in 1976 Mational Lnergy Outlook (1976), as modified for

the purposes of this analysis.
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4. The availability of new energy technology for 1985 is given

by the "combination scenario," in A National Plan for Energy Research,

Development and Demonstration (1975).

Under these assumptions imports rise for 8.6 percent of total U!.S. energy supply
in 1967 to 18.4 percent of total supply in 1985.

The dramatic increase in the proportion of energy resource supplies that
must be imported under the Base Case assumptions for 1985 suggests that energy
policy may have to be modified.in order to meet national %ecurity objecrives.
Accordingly, we have examined the implications of a reduction of imports
from 18.4 percent of total energy supply in 1985 to no more than ten percent
of total supply in that yecar. This objective requires the introduction of a
tariff on impo?ted petroleum at the rate of 51.8 percent; we have also intro-
duced taxes on domestic sﬁpplies of o0il and gasAso as to leave the prices received
by domestic suppliers unchanged. ‘Energy product and conversion levels under
the Base Case assumptions and under our Alterﬁative Case for 1985 are presented
in Table 1. The results of the proposed change in policy are presented in
Table 2. Energy prices rise by an average of 11.6 perrent with the greatest
increase in the price of refined petroieum products. New technologies such as
oil from shale, direct use of solar energy, generation of electricity from geo-
thermal sources, and coal gasification and liquefaction are introduced in greater
quantities under the alternative energy policy. 1In ad&ition there is greater
reliance on nuclear energy through use of both light water reactors and high
temperature.gas-cooléd reactors for generation of electricity. Finally, electric
automobiles are introduced on a modest scale in or@cr to. conserve gasoline.

The reduction in oil and gas imports resulting from the energy policy

underlying our Alternative Case for 1985 is analyzed in Table 3. Of the total



Table 1.

Energy Products and Conversion Levels, Base Case and
Case 1985 (quadrillion Btu's).

Alternative

1.

Energy Products

Air Conditioning

Private Ground Transportation

Air Transportation
Truck, Bus, & Diesel RR
Space Heat

Water Heat

Process Heat

Misc. Electric (Incl. Elec.

Coke for Iron Production
Petrochemicals

Electricity Genergtion

Coal Steam

Coal Steam Comb. Cycle
Solvent Refined Coal Steam
0il Steam

Gas Turbine

(;as Steam

Total Energy Systems
LiR

HTGR

Hydroelectric

Geothermal

Solar

Total Electricity Inputs
Other Inputs

RR)

Base
Case

2.
3.
0.
0.

12.
1.

10.
5.
1.
4.‘

14
04
85
95
73
79
91
39
64
83

10.71
0.00
0.00
3.71
1.57

4,39

0.00
9.55
0.00
3.38
0.69
0.00

34.00

66.00

Alternative Percentage
Case Change
2,01 -6
2,75 -10
0.78 -8
0.84 -12
11.96 -6
1.67 -7
"10.64 -2
5.09 -6
1.56 -5
4,70 -3
11.53 +8
0.00 0
0.00 0
2.21 =40
1.73 +10
2.70 ~-38
0.02 --
10.51 +10
0.25 --
3.38 0
1.66 +141
0.00 0
34.00 0
62,70 -5

Source: Behling, Dullien, Hudson (1976), Table V.4, page 84; Table V.8,

page 96.
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Table 2. Alternative Case 1985.

1. Energy Prices (Percentage Change from Base Case 1985).

Coal ’ 0.0
Refined petroleum 35.3
Refined gas -4.6
Electricity 2.4
Energy 11.6

2. New Technology (Change from Base Case 1985 in quadrillion Btu's).

0il Shale 1.00
Direct Solar 0.20
Geothermal Electric 0.97
Coal Gasification and Liquefaction : 1.42
LWR 0.96
HTGR : ' 0.25
Electric Car : ‘ 0.09

Source: Behling, Dullien, and Hudson (1976), Table V.3, page 8l; Table V.1,
page 77. :

fable 3. Reduction in 0il and Gas Imports, Alternative Case 1985 (quadrillion
Btu's).

L. Reduced Demand 3.30

2. Increased Supplies

0il Shale ‘ 1.00
Direct Solar : 0.20
Geothermal Electric n.97

3. Subectitution

Coal Gasification. and Liquefaction 1.42
LWR ' - 0.96
HTGR 0.25
Electric Car 0.09
4, Total Redﬁction 8.42

Source: Behling, Dullien, Hudson (1976), Table V.2, page 78.
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reduction in imports of 8.42 quadrillion Btu's in 1985, reduced demand accounts
for 3.30 quadrillion Btu's; increased supplies account for an additional 2.17
quadrillion Btu's; the substitution of alternati&e forms of energy for oil and
gas accounts for the remaining 2.72 quadrillion Btu's of import reduction. We
recall that domestic supplies of oil and gas remain unﬁhanged.under the assump-
tions of our Alternmative Case. The economic impact of the Alternative Case for
1985 is analyzed in Table 4. Higher prices of imported oil result in higher
prices for the output of the agricultural, manufacturing, transportation, and
service sectors of the U.S. economy with the greatest iﬁcrease in transportation
prices. In Table 4 we also present the resulting changes in technical coeffi-
cients for each of the four non-energy secfors ahd changes in the cpmposition
Aof final demand and total output for these sectors and for the energy sector

as a whole.

5. Conclusion.

We have presented an assessment of the impact of energy research,
development, and demonstration policies in combination with tax and tariff
policies to reduce imports of energy resources for the year 1985. A complete
evaluation of alternative energy policies requires assessments for a wider
range of policies over a longer period of time. In addition to the impact
of energy policy on the structure of the energy sector and the level and
composition of overall economic activity, assessments must also be made of the
impact on levgls of well-being, life styles, and environmental pollution in the
United States; international repercussions of alternative policies must also
be considered. Theée assessments must‘be'combined into an overall evaluation
of energy policy.13

The application of the preliminary version of the model for the analysis
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fable 4. Economic Impact, Alternative Case 1985.

1. Non-Energy Prices (Percentage Change from Base Case 1985).

Base

Case

Alternative
Case

Agriculture
Hanufacturing
Transportation
Services

'3

Technical Coefficients

Agriculturc
Capital
Labor
Energy
Non-Energy

Hanufacturing
Capital
Labor
Energy
Non-Energy

Transportation
Capital
Labor
Energy
Non-Energy

Services
Capital
Labor
Enerpy
Non-Energy

0.1755
0 2515

. 0.0148

0.5582

0.1143
0.2959
0.0194
0.5705

0.1831
0.4074
0.0390
0.3706

0.3197
0.4025
0.0166
0.2612

0.1753
0.2542
0.0125
0.5580

0.1140
0.2977
0.0189
0.5694

0.1814
0.4082
0.0344
0.3761

0.3201
0.4036
0.0161
0.2603

3. Final Demand (Percentage Composition).

Agriculture
Manufacturing
Transportation
Services
Energy

11.66
33.58
2.48
49.19
'3.09

4. Outpur (Percentage Composition).

Agriculture
Manufacturing
Transportation
Energy

11.94
38.40
40.44

4.73

11.62

33.61
2.46

49.41
2.91

11.91
38.44
40.78

4.43

Percentage

Change

1.10
0.62
1.33
0.26

Source: Behling, Dullien, Hudson (1976), Table V.14, page 110; Table V.17,

page 118; Table V.15, page 111; Table V.16, page 115.
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{ evnergy research, development, and demonstration policy involves the creation
of Base Case projections for the U.S. economy for additional years along the
lines of our Base Case for 1985. The assessment of alternative energy policies
requires the development of Alternative.Case projections for each policy. Our
model can be used to analyze the impact of energy policy on the energy s«ctor and
on overall~economic activity. In addition, the energy system optimization model
and other closely related models can be used to assess the environmental impact
of alternative energy policies, to estimate capital requirements ﬂsndciaLed witn
the implementation of new technologies, and to evaluate the effect of changes

in energy prices on the domestic supply of primary energy resources such as
uranium, coal, oil, and gas.14 .

While the successful integration of process analysis and econometric
models of c¢nerpy policy is an important step in the development of a frame-
work for the evaluation of energy policy, we must emphasize the limitations
of our current approach. A fully satisfactory data base requires the development
of interindustry transactions accounts for energy flows in physical termé iS
well as current and constant prices. It would be very useful to incorporate
these accounts into the U.S. national income and product accounts on an
annual basis. It would also be useful to disaggregate the non-energy sectors
of our model and to extend our modeling effort to incorporate primary factor
input supplies and supplies of primary energy resources. Finally, additional
research is required on the most efficient techaiques [or solution of our
model.

Ultiniately, projections for.differént years over a planning horizon could
be developed within a dynamic versipn of our integrated process analysis and
econometric model. In a dynamic model capital requirements and investment costs,
together with the prices of capital scrvices and Jabor Services, would be gener-

ated endogenously by incorporating the supply of primary factors of production



1long with the demands included in-our existing framework. Such a dynamic model
ould be extended to encempass the development of reserves of primary energy re-
sources, production from reserves,_and the pricing of current‘supplies_of these
resources for each period of time. Research is now undef way that will enable
ué to extend our.existing model invthe direction of a dynamic model for the
1ssessment of alternative.ene.r.gy'policies.l5

Our objective has been te present a model that integrates a process analysis
+odel of the energy'sector witﬁ an econometric model of interindustry transactions
for application to policy analyses where the cechnological component is significant
e have illustrated the use of this model for assessment of the impact of energy
yo]L;y. ‘We have not attempted a comprehensive evaluation of alternative energy
policies in order to Eoeus on the methodology we have developed for model inte-
cration. Integration of process analfsis and econometric models, using an
axtended accounting framework for interindustry transactions, has proved to be
feasible, A great deal of.edditional research will be required in order to

develop the most appropriate framework for evaluation of alternative energy

policies.
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Footnotes

1. The data are described in more detail in a report by Jack Faucett
Associates (1973). Interindusfry accounts for the year 1967 haQe been
tompiled for a more deﬁailed industry breakdown by Bullard and Herendeen
~(l973a—b). The corresponding interinduétry model has been linked to the
Brookhaven Energy Sy;tem Optiﬁization Model discussed Below by Hoffman,
Palmedo, Marcuse, énd qudberg k1973) and by Behling, Marcuse, Swift and
Tessmer (1975). Enefgy flows for six years have been compiled %6; the

Federal Energy Administration by Jack Faucett Associates.(l975).

2. The model of interindustry transactions is described by Hudson and
Jorgenson (19742, especially pp. 467-474,

3. The model of producer behavior is described by Berndt an§ Jorgenson
(1973). See also: - Chris;eﬁsen} Jorgenson and Lau (1973) and Berndt and Wood
(1976). |

4. The model of consumer'behavior is described by Jorgebson (1975).
See also: Christensen, Jorgenson and Lau (1975) and Jorgensﬁn and Lau (1975).

5. Applications of the econometric modei to policy analysis are given
by Hudsoﬁ and Jorgemson (1974 a-c, 1975 a-b) and Jorgenson and Wright (1975).

6. The Reference Energy System is described in Beller et al. (1975).

7. The Brookhaven Energy Systé@ Optimization model is described by
Hoffman (1973) and Cherniavsky (197&).

8. Thé constraints of the optimization model are described by

Cherniavsky (1974), pp. 9-18.

9. The objective function of the optimization model is described by

Cherniavsky (1974), especially pp. 18-23.
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10. 'Hlthndnlogy4for application of the optimization model for nssessmant
~ f alternative energy research, development, and demonstration policies is
described by Hoffman and Cherniavsky (1974) and Cherniavsky (1975). This

methodology was applied in a series of twelve scenarios for 1985 and 2000 in

A National Plan for Energy Research, Development, and Demonstration (1975).

S 11, Thigiiing Setween pricesvand-costs has not been inéluded in the
initial implementation of our model. Résearch~is now underway to complete
this linkage.

12. .This application is based on-the research of Behling, Dullien and
Fudsen (1976).

13. -An overall evaluation of U;S. energy research, deveiépment, and.
r1emoustrat_ion policy, incorporating assessments of policy impacts based on
cur integrated econometric»;nd systems analysis model is given by the Energy
Research and Development Administration (1976).

14. Yor a detailed discussion of fhe application.of our model, see
Behling, Dullien, and Hudson (1976).

15. A dynamic version of the Brookhaven'Energy Systems Optimization
Model has been developed by Marcuse, Bodin, Cherniavsky, and Sanborn (1975).
A dynamic version of our econometric interindustryAmodel has been developed by
Dgllien, et al. (1976). Incorporation of models of primary resource.supply'
into our econometfic interindustry model is discussed by Bernanke and

Jorgenson (1975).
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