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LEGAL NOTICE

This report was prepared by the Energy Modeling Forum (EMF), administered

by the Institute for Energy Studies, Stanford University, as an account of
work sponsored by the Electric Power Research Institute, Inc. (EPRI).

Neither EPRI, members of EPRI, EMF, nor any person acting on behalf of
either: {(a) makes any warranty or representation, express or implied, with
regspect to the accuracy, completeness, or usefulness cf the information cone
tained in this report, or that the use of any information, apparatus, method,
or process disclosed in this report may not infringe privately owned rights;
or (b) assumes any liabilities with respect o the use of, or for damages

resulting from the use of, any information, apparatus, method, or process
disclosed in this report.

This report summarizes the results of the EMPF working group study. It does

not necessarily represent the views of Stanford Institute for Energy Studies
or Stanford University.



EXECUTIVE SUMMARY

ENERGY AND THE ECONOMY

The Electric Power Research Instituyte created the Energy Modeling Forum (EMF) to
improve the usefulness of energy models. Administered by the Stanford Institute

for Energy Studies, the EMF operates through working groups of energy model devel-
opers and users conducting comparative tests of a variety of available energy models.
To date, the EMF has completed one investigation--of the effects of changes in the
energy sector on the domestic econemy. Topics for future studies have been recom-
mended by the EMF Senior Advisory Panel and further studies are in progress.

The first EMF working group, examining the link hetween enerqgy and the econcmy,
concentrated on the use of several large macroeconomic models as described in this
report. Each model was represented in the working group by a technical team or
expert. To compare the results obtained by these models, the working group devel-
oped a common set of assumptions and scenarios for analysis. Forecasts of absolute
levels of cutput and energy consumpticon are not the focus of this study. Rather,
the models are compared to uncover the differences or similarities in the estimates
of the economic effects of changes in the energy sector, i.e., c¢hanges in relative
energy prices or relative energy utilization.

The major conclusicons derived from the models' ocutput include:

L In the presence of constant energy prices, increases in economic
activity produce similar increases in energy demands, although
these may be moderated by trends toward less energy intensive
products and services.

1) Higher energy prices or reduced energy utilization need not pro-
duce proportional reductions in aggregate economic output. There
is a potential for substituting capital and labor for energy and
the contribution of energy te the eccnomy, relative to these fac-
tors, is small.

. The models do show soma substantial reductions in economic output
resulting from higher energy prices. The magnitudes of these re-
ductions are very sensitive to the substitution assumptions implicit
in the models. Further, the impacts may be large for individual
sectors of the economy.

. The benefits of energy substitution may be lost in part if energy
scarcity impedes capital formation. Reduced energy inputs may
cause lower levels of investment and, consequently, reduce potential
GNP. This indirect impact may be the most important effect of energy
scarcity.
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In addition to the direct results of the models, the working group identified other
conclusiona concerning the strengths and weaknesses of the meodels and the methods
they employ. The models are useful, each with different attractive features. The
study of the impact of esnergy on individual economic sectors requires the use of the
detailed models. The analytical processes applied by the EMF working group may
asgist in the use of these models. The development of simple approximations explains
a model's structure and clarifies the important underlying assumptions. Despite
their usefulness, however, the models simplify or exclude important characteristics
of the link between energy and the economy. For example:

] All the models examined focus on the long run potential of the
ecocnomy. Abrupt changes in energy availability or other policies
with short term implications may affect the realization of this
petential GNP, but are not within the scope of the models studied
here.

e The models require assumptions about future population or labor
force growth and the rate of technological change which, other
things equal, determine the growth path of the GNP. The analysig
in this study is directed at the changes in growth dus to changes
in the relative scarcity of energy, not to absolute levels of future
economic activity. Thers may be some effect of energy price or
availability on the variables whose values are here assumed, Any
such effects would not be captured in the models.

° The representation of nonmarket behavior is difficult to include
in the models. The effects of requlation, industrial organization,
or the expectations created by government's future role are not
well understood.

® The models treat environmental considerations in a rudimentary way.
They do not address the causes and effects of persistent unemploy-
ment nor the impacts of unexpected embargoes. Financial sectors
are highly stylized or absent in many of the models. Such important
issues require different analytical approaches or major model
extensions.
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Energy use

and the
economy have
grown together.

But does
economic growth
depend on
enargy avall-
ability?

ENERGY AND THE ECONOMY

INTRODUCTION

During recent decades, the national economy has produced a
substantial rise in output. Energy consumption has exper-
ienced a similar increase. Between 1950 and 1973, the
economy grew at 3.6% per year while energy consumption grew
at 3.4% per year. It is natural to attribute a causal re-
lationship to these patterns. Expansion of the economy
raises energy consumption, and a plentiful energy supply is
seen as & spur to eceonomic growth. The common expectaticn,
however, is that future energy supplies will be limited and
expensive. This new perception of the energy situation has
created a call for national action. If abundant energy is
essential for future economic well being, a large effort is
required now to guarantee that our needs are proper and are

properly met.

At the root of this national concern is the assessment of
the dependence of the ecconomy on energy. This is a complex
problem. Energy availability affects every facet of our
economy and energy is used in many different forms. What
may be true for the use of electric power in aluminum pro-
duction need not be true for the use of oil in home heating.
Regional differences, the long lead times for major changes
in facilities, and the uncertainties of the security of
supply contribute to the difficulty of describing the inter-
face between the energy sector and the remainder of the
economy. It is not surprising, therefore, that there is a
diversity of opinion abcout the nature and importance of
energy-~economic interacticns. There is some evidence that
the relationship between energy and economic growth is not
immutable, but the degree of potential flexibility is dis-

puted.



Are forecasts
and other
energy studies
valid that de
not include the
possibility

of such
dependence?

The Forum is
comparing runs
of a variety
cf energy
models to
explore these
questions.

The ramifications of large interactions are wider than it
ray seem at first glance. Energy forecasts are based
customarily on projections of the future output of the
economy. Suppeose that this output is altered by the feed-
back effect from changes in the supply and price of energy.
Then the energy forecasts themselves may be inconsistent.
Thus, the magnitude of the energy-economic £feedback bears
en the validity of analytical studies that isolate the
energy sector from the remainder of the economy. Such iso-
lation affords an enormous simplification of analysis and

is engaged in to some extent by most energy studies.l

It follows that analysis of the energy-economic interactions
must precede evaluation of energy coptions. The purpose of
this report is to summarize the Energy Modeling Forum's
study of selected models of energy and the economy. These
models come equipped with an ample set of limitations, and
their use is qualified by the usual caveats. Some of these
are discussed in the repeort or the appendices. The reader
will recognize the narrow scope of this analysis in examin-
ing GNP and prices as the representatives of economic activ-
ity to the exclusion of environmental issues, problems of
income distribution, changes in international trade, or a
host of related subjects.
to compare results across models and the need to limit the
scope of the study. The detailed models have rich struc-
tures, and many can be applied to a wider spectrum of
issues than is considered here. However, the limited ques-
tions addressed in this.study are important and the model
comparison illuminates several valuable conclusions. Early
on, the analysis rejects the straw man of a lockstep link-
age between energy and the econcmy. Reductions in energy
utilization need not produce preporticnal reductions in
econcmic activity. The small value share ©of energy in the
total economy is shown to be an important but incomplete
component of this story. It is the potential for substitu-

tion that dominates this analysis and establishes the

In part this is caused by the intent



The value of
energy input
iz small com-
pared to the
total economy.

The expanding
number of
energy models
provides a
framework for
analysis and
debate.

But these
models must be
better under-
stood through
the improved
communication
the Forum
provides.

importance of large changes in energy availability in deter-
mining the resulting changes in economic activity. The
final theme centers on the indirect effects of energy on
capital, which may compromise scme of the benefits ¢f sub~

stitution.

The paper begins with the history of the Energy Modeling
Forum. After describing the role of energy models, the
paper develops some fundamental concepts that help explain
the structure of the models used in this study. The paper
concludes with a comparison of model results and their im-
plications for the evaluation of the energy-economic inter-
actions. Details of the analysis and relevant supporting

material are left to a series of appendices.

THE ENERGY MODELING FORUM

Behind sharp disagreements on energy questions, there are
often simple but fundamental differences in views about the
nature of the problem. If made explicit, these alternate
views can be compared and evaluated. Formal models imple-
mented on computers provide a capability for organizing and
extending the debate about the impacts of future energy
alternatives. In many settings, energy models are inte-
grated into the specification and evaiuation of energy
options, but their full potential is net being realized.
The sudden increase in energy policy concern has produced
an expansion of energy model development effort, but these
new capabilities are not widely understood and are not

applied to many relevant energy problems.

If energy models are to contribute to the improvement of the
energy policy debate, there must develop a wider apprecia-
tion of current model capabilities and a better specifica-
tion of model limitations needing new research. This pre-
sumes regqular communication between the developers of energy
models and potential users. To meet this need, the Electric

Power Research Institute is sponsoring the Energy Modeling



The Forum's
pilot study
concerns the
relationship
between energy

and the economy.

Can the use

of energy be
diminished
wlthout affect-
ing output?

Forum, a project administered through the Stanford Institute
for Energy Studies. The purpose of the Energy Modeling
Forum (EMF) is to promote communication between model users
and developers through the comparative application -of
current energy models to the analysis of priority energy
issues. Disciplined by the focus on a specific question of
importance, the EMF operates as a combined group of energy
model developers and model users. By structuring compara-
tive tests, the EMF seeks to clarify the central implica-
tions of the models and the assumpticns on which these re-
sults are hased. In the process, common perceptions of
energy problems emerge, new priorities for analysis are

identified, and the uses of the models are illustrated.

The first EMF working group was organized to develop oper~
ating principles and demonstrate the viability of the basic
concept. For its initial study, the group examined the

link between the energy sector and the economy. What is the
nature of the link between the energy sector and the re-
mainder of the economy? How strong are the feedbacks?

Will changes in energy utilization have a significant effect

on the future of the economy?

The relationship between the energy sector and the economy
is central to the evaluation of energy opticons. Most con-
cern with energy issues arises from the assumption that th
character of future energy availability will have a major
impact on the guality of life, and the level of economic
activity is a primary measure of this quality. Opinion is
divided sharply on the structure of the link between energy
and the economy. Basic physical laws indicate that some
energy is required for every activity and if adegquate
energy is not available the activity cannct take place.
From this perspective, the historical growth of energy and
the economy is cited as evidence that their future growth
cannct be separated. In the short run, most would agree,

for we must use the equipment and processes now in place,



The answer
i1s central
to future
policy
choices,

Computer model-
ing allows
pieces of a
problem to be
analyzed
separately,
then combined.

and their range of energy utilization is narrowly restrict-
ed., In the longer run, however, new eguipment can be pur-
chased, alternate transportation systems designed, the mix

of desirable products changed, and new technology introduced.
The same level of output might be obtained with a lower

level of energy utilization and the quality of life main-
tained or even improved, some would say. This perspective

is supported by the evidence of different energy utilization
patterns and higher energy prices in other industrial nations.
The history of low energy prices may explain the growth of

energy demand in the United States.

If growth in energy availability is essential to the growth
of the economy, then large expenditures are indicated for
programs directed at expanding long run energy supply and
lowering energy costs. However, if substantial flexibility
exists for adjusting energy utilization and economic output,
then pregrams which facilitate this adjusztment may be em-
ployed. The best policy probably requires a careful blend-
ing of both approaches, but it is certain that these
choices will be influenced heavily by the expectations of
the impacts on future economic growth. It is essential to

understand the links between energy and the economy.

THE ROLE QF MODELS

Energy models alone cannot dispose of these difficult
issues. They augment our capabilities for organizing the
collective understanding of a problem. Modeling does not
replace careful thinking, but seeks tc expleit it. A model
records what we know by providing an accounting framework,
organizing the data and key relationships. At the heart of
most models is some simple classification scheme. For ex-—
ample, the model may describe all energy consumpticn in
terms of a few sectors, aggregating the milliocns of house-
holds, commercial establishments, or industries. This per-
mits the separate but consistent analysis of the major prob-
lem components. Specifying how these components connect may

simplify other complex interactions.
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But models
are at best
only simpli-
fied approxi-
mations of
reality,

Hence, one analysis may characterize the effect of regula-
tion on the supply of natural gas. A separxate analysis of
substitution relates the supply of natural gas to the indus-
trial demand for oil. When combined, the two analyses are

a model of the relationship between regulation and the in-
dustrial demand for oil. 1In the process of specifying each
analysis and the interface, the important assumptions are
illuminated and made easier to validate. Is it true that
0il and gas are perfect substitutes in all industries? If
not, how sensitive is this assumption in the estimation of
the effect of regulaticon on the industrial demand for oil?
If the model is explicit, these guestions can be addressed
systematically. The implications of a given hypothesis
about the structure of the energy system can be pursued, If
the model also is detailed, computer implementation may be a
further aid in pursuing the needed calculaticon. These con-
tributions of modeling are substantial. The accumulation of

knowledge and the pursuit of the implications of that knowl-
edge are the essence of sound analysis. Formal modeling makes

the process explicit and promotes its corderly evolution.

The limitaticons of models are important teo recognize, The
basic limits of our understanding are transferred to a model.
Hence, the effects of noncompetitive practices are not to be
found in the study of models assuming perfect competition.

A model does not create a new theory, it explores the exist-
ing theory, often in a highly simplifed fashien. This
simplification is essential in modeling, permitting quick
analysis of many relationships and the clarification of
basic causal mechanisms. Without simplification, the only
model of reality is reality itself, and only one experiment
is permitted. With a model, many experiments are possible.
And, unlike reality, we can take them or leave them. But
the model is onlv an approximation to reality and must be
judged accordingly. Many approximations to the same reality
are possible. The application of any one model must fe guid-

ed by the context of the guestions addressed. For problems



We start with
a simple model.
It can be ex-
tended as its
deficiencies
become clear.

as complex as the evaluation of energy futures, there is no
single model which addresses all issues. There are many
problems for which there are no models at all. Energy
madels do not replace the effort of the analyst in determin-
ing the appropriate assumptions and problem structure, but

they do extend the scope of the problems that can be studied.

The benefits of simplification and the potential for detail
are found in the range of available models of energy-economic
interactions. Very simple aggregate analyses of the inter-
action can place the problem in perspective. These aggre-
gate models provide the conceptual backgrcund for the evolu-
tion of more scphisticated systems. As the potential defi-
ciencies of the simple models are identified and the assump-
tions relaxed, more detailed models develop and the range cof
application expands. Therefore, before presenting the re-
sults of the sophisticated models participating in the EMF
study, a basic framework is developed for characterizing the
key concepts underlying the interaction between the energy

sector and the economy.

A BEGINNING FRAMEWORK FOR ANALYZING ENERGY AND THE ECONOMY

The issue here is the impact of a relative scarcity of energy.
None of the models implies that energy is not needed for the
economy. If energy prices remain stable, then an increase

in econcmic activity should produce an increase in the de-
mand for energy. Of course, the future growth of energy de-
mand may be less than the historical growth because of lower
projections for population increase or a trend toward a dis-
proporticnately higher growth of the less energy intensive
sectors of the economy. The difficult question is, can ener-
gy demand growth be dampened further by higher energy prices

without proporticonal reductions in economic activity?



The value of
energy input
is small com—
pared to the
total enconomy.

Hence, changes

Iin enerqy choices
need not dominate
future economic
activity.

For simplicity, we restrict attention to the long run, when
energy equipment and processes can be changed substantially.
In the short run, the character of the probiem is different
and different models are appropriate. As a further simpli-
fication for this beginning discussion, we represent the
economy in terms of just two inputs--~energy and all other
items. Note in Figure 1 that energy is only a small com-
ponent of the total U.S. economy. As of 1370, the value of
primary energy inputs did not exceed 4% of the GNP. The
analogy of an elephant-rabbit stew illustrates the implica-
tions of this low value share. If the recipe for such a
stew calls for just one rabbit (the energy sector) and one
elephant (the rest of the economy}, won't it still taste very

much like elephant stew?

If energy prices had not risen after 1970, it is likely that
energy demands would have grown at about the same rate as
the GNP. The 4% ratio would then continue into the future.
But what is the effect when energy costs double and there is
sufficient time for the economy to adapt? One estimate of
the impact may be obtained by assuming a constant recipe.
Suppose the rabbit is paid for with part of the stew. Then
an additional 4% of the stew (GNP) must be allocated to cover
the doubling in the cost of the rabbit (energy). In fact,
other recipes are available that call for less rabbit and,
therefore, lead to lower costs. Under these assumptions,
the first doubling of energy costs would produce, at most,

a 4% lecss in GNP.

With a more complicated argument, it can be shown that a
small decrease in energy supply leads to a decrease in
economic output proportional to the value share of energy in
the economy. At a 4% value share, a 1% reduction in enerqgy
input would produce a 0.04% drop in total ocutput. By this
argument, a small percentage change in energy availabkility
procduces a considerably smaller percentage impact upon the

2
economy as a whele.
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The degree of
potential sub-
stitution
determines the
importance of
energy.

The aggregate
measure of sub-
stitution is
similar to

the elasticity
of demand.

The elasticity
of substitution
is the index of
aggregate model
behavior.

This simple analysis provides some insight but it suffers
from a major defect in failing to represent accurately the
flexikility of energy utilization in the economy. The pro-
casses for future production and utilization of energy are
not fixed immutably. Insulation, efficiency improvements,
and changes in the mix of input factors can alter the energy
requirements for a fixed level of output. Such substitution
possibilities can modify the economic impact of changes in
the energy system. Flexibility in energy utilization is a
central factor in determining energy-eccnomic feedback, and
its treatment varies widely among the many different energy

models.

THE ROLE OF SUBSTITUTION

The specific processes for energy substitution may be varied
and intricate. Therefore, even if it is generally agreed that
some substitution is feasible, it may not always be possible
to identify the specific technological options available.

The morass of detail may be approached gradually by expand-
ing our first simple model and the beginning arguments based
on the value share of energy. We explicitly assume now that
substitution is possible between energy and nonenergy inputs
to the economy. For the purpose of the present discussion,
this flexibkbility can be summarized in economists' terms as

the elasticity of substitution. Ignoring the feedback to
the economy or other inputs, this parameter is the same as
the elasticity of energy demand. It measures the proportion-
al response of energy demand to a change in energy prices.

Hence, if the elasticity of demand is -0.3, a 10% increase

in energy prices produces a 3% decrease in energy demand.

This concept, the elasticity of substitution, provides a con-
venient index for summarizing the aggregate behavior of the
detailed models. If we assume that inputs of other factors
such as capital and labor are held constant, then the elas-
ticity of substitution virtually determines the feedback

effect of the energy sector on the rest of the economy. The

10



Seemingly small
changes 1in the
lasticity of
substitution
preduce major

changes in

econcmic impact.

implications of alternate elasticity estimates are shown in
Figure 2. This depicts the GNP ir the year 2010 as a function
of energy input, holding other inputs constant. It is assumed
that a Btu tax is imposed gradually to reduce energy consump-
tion. Such a tax might be levied, for example, to mitigate

. : . Ca 2
environmental impacts or lessen import vulnerability.

The analysis is based on a hypothetical reference forecast,
but the gqualitative conclusions are not sensitive to this
reference. A small change in energy availability has almost
no effect on GNP. The loss in ocutput is exactly balanced by
the savings from the reduced expense of energy. This is what
the price represents, the value of the product at the margin.
This value will change as the gquantity of energy input
changes but the output does nct decrease in proportion to

the decrease in energy input. Substitution of other input

factors compensates for the reduction in energy input.

The importance of the iong run elasticity of substitution is
startling in the context of this analysis. A 50% reduction
in energy availability produces a 28% reduction in GNP if the
elasticity is as low as 0.1, but only a 1% reduction in GNP
if the elasticity is as high as 0.7. Seemingly small changes
in the substitution potential produce major changes in eco-
nomic impact. Even the smaller GNP reductions have a large
value, however. If the economy is growing at 3% in real
terms and we discount future consumption at 6%, a 1% reduc-
tion in annual GNP corresponds to a present value of nearly
half a trillion dollars. This is only 1% of the present
value of future output, but it would justify a substantial
research investment aimed at developing low cost technologies
which can expand energy supply or improve the eificiency of

energy utilization.
an alternative indicator of the economic impact of energy

scarcity is found in the implicit tax associated with a

given energy reduction. As a measure of the marginal value

11
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Available esti-
mates of the
elasticity of
substitution
Suggest some
flexibility Iin
the economy.

The benefits of

substitution may
be lost in part

if investment is
curtailed.

of energy, this tax may be a more appropriate barometer of
the importance of energy scarcity. Although the specific tax
is determined by the arbitrary assumptions of the reference
forecast, the sensitivity to changes in the elasticity of
substitution repeats the results of the analysis of GNP. The
implicit tax for the 50% energy reduction from the reference
forecast is shown in Figure 3. If the elasticity of substi-

tution is as low as 0.1, the necessary tax is $27.53/million

Btu, a tax of over 3400%. But if the elasticity of substi-

tution is as high as 0.7, the tax is reduced to $1.26/million
Btu or 15B%.

What is the proper elasticity of substitution? The estima-
tion of this parameter has been the subiect of many studies
but there is no definitive resolution of the issue.4 There
are difficulties in comparing definitions, problematical
data, and disputes about the relevance of past experience in
extrapolations to the future. A consistent interpretation

of these studies indicates the elasticity of substitution is
between 0.2 and 0.6, although there is evidence for higher
and lower values. As we see below, the detailed models which
have an explicit representation of the full economy vield
values between 0.3 and 0.5 for the elasticity as defined here,
in terms of primary energy prices. This indicates that there
is substantial but not unlimited flexibility in energy utili-

zation in these models.

The estimates in Figure 2 of the impact of energy reductions are

based on a simplified, partial analysis of the economy. This
shows the potential of substitution between economic inputs to
absorb energy input reducticns with less than proportionate
reductions in economic activity. However, changes in energy
input have a further dimensicn of feedback to the economy.
This additional dimension centers on the pattern of capital
investment over time. Reductions in energy input lead to
changes in the rate of return on capital as well as reductions
in the level of total oqutput. Investment, savings, and cap-

ital use are altered as a conseguence. Over time, these

13
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More detalled
models can
improve the
representa-
tion of the
substitution
potential.

effects may cumulate into significant changes in the capital
stock and, therefore, in the productive capacity cof the econ-
omy. It is difficult to analyze these complex interactions; in
fact the sophisticated models participating in this EMF study
are required for this task. As an approximation, however, we
can extend the partial analysis to illustrate the magnitude of
the eccnomic effects of changes in capital input. For this pur-
pose, expand the beginning framework to include three economic
inputs~-energy, capital, and labor. Now, instead of holding
capital and labor constant as energy input changes, let capital
adjust to maintain a constant rate of return. The impact of
this new assumption, for the case of an elasticity of substi-
tution of 0.3, is displayed in Figure 4. For a 50% reduction
in energy input, there is a 4% reduction in GNP when capital is
held constant, but the reduction is 11% of GNP when energy is
reduced and capital changes to maintain a constant rate of re-
turn. In this case, the capital change effect exceeds the di-
ract effect of the energy reduction.5 Thus both substitution
and capital adjustment processes are important in considering
the feedback effects of energy on the economy. When both these
processes are taken into account the conclusion remains that
while energy reductions do have a substantial economic impact,
the GNP reduction is proportionally smaller than the reduction

in energy output.

THE REAL MODELS

Several immediate difficulties can be found in the aggregate
analysis of the preceding section. First, the aggregation
itself may disguise distinctly different behavior in compo-
nert eccnomic sectors. This benavior is of interest in itself
and can be captured only bv more detailed models. Second, the
aggregate substitution paramcter does not provide a description
of the new processes and technologies that must be adopted.
Again, more disacgregated analysis is necessary to provide the
detail to support the credibility of the simple analysis.
Third, investment, savings, and capital accumulation might be
affected by the price and availability of energy. Here is

another reason for the construction of more sophisticated models.
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The detail in
the partici-~
pating models
covers a wide
range.

Increased detail is characteristic of most of the analytical
extensions in the models included in. the EMP analysis.6 The
mest aggregate of these models, developed by Hnyilicza of MIT,
organizes production around the inputs of four factors to
produce energy and nonenergy outputs. Markets balance supply
and demand in each period as the system evolves over time.

The parameters of this model have been empirically estimated,.
It provides, therefore, a first estimate of the potential
filexibility of energy utilization. This also serves as a

reference for comparing the results of more disaggregate medels.

At the next level of detail, found in the models of Hudson-
Jorgenson and Kennedy-Niemeyer, the economy is divided into
nine sectors with special attention focused on a variety of
energy products. A richer array of production and utiliza-
tion arrangements becomes possible in these models. When
aggregated to the level of the beginning analysis, these
models may provide a means for representing variable elasti-

cities of substitution.

This detail is pursued further in the PILOT model of
Stanford, the Wharton model, and the DRI-Brookhaven system.
The range is from the 23 sector economy in PILOT to the 1C0

sector economy in the DRI-Brockhaven model.

Each of these models is too complex to comprehend in its en-
tirety except by analysis of individual components and the
rules for combining these compeonents. This complexity is a
cost of credibly representing the flexibility of energy utili-
zation. Computer implementation permits rapid calculation

and examination of the models' implications. And the results
can be aggragated to the level of the simpler framework. For
example, the elasticity of substitution is shown in the simoler
framework to be an important summary measure in determining ihe
economic impact of energy system changes. This insight can be
applied to the comparison of the detailed models if we identifv

them in terms of their substitution assumptions.



The models
extend from
assumptions
of little
flexibility
to substan-
tial substi-
tution
possibilities.

Six test
scenarios
were run.

The models
assume long
run full
employment.

When viewed from the perspective of energy substitution
assumptions, the participating models may be divided into
two categories. Two models, the Kennedy-Niemeyer and PILGT
systems, employ structures which implicitly assume little
flexibility in energy utilization. Later we shall see that
their results are consistent with the first discussion of a
fixed recipe in the elephant-rabbit stew. The remaining
models employ structures which can incorporate substitution
between energy and other factors. In addition, the param-
eters for the major components of these models are estimated
empirically and, when aggregated, provide alternate estimates
of the elasticity of substitution. We shall see that their
aggregate behavior is consistent with the results of the

simple framework.

Six test scenarios were designed for these models. These
scenarios are not intended as forecasts. To achieve scme
consistency, the working group compromised individual judg-
ments as to the most likely futures. The scenarios are de-
signed, instead, to display the feedback links embedded in
the models. The details of the scenarios are explained in
an appendix.7 They cover different economic growth assump-
tions and examine severe reductions in energy availability

Or increases in energy costs,

The comparison of the model structures and the design of

the test scenarios reveal important assumptions common to all
the participating models. Because of their focus on long run
considerations, the impacts of temporary unemployment are
ignored in all but the Wharton model. The economy is assumed
to move quickly to a predetermined full employment growth
path. The models concentrate on the evaluation of potential
GNP. Hence, the models are not suited to the evaluation of
policies which may produce persistent unemployment, nor are
they suited to the study of unanticipated energy supply inter-
ruptioné. These are major areas of policy concern, but be-

yond the scope of the participating models.
¥ P B

18



Standardized
population
and preoduc-
tivity
assumptions
determine a
common GNP
growth
pattern.

With stable
energy costs,
increased
economic activ-
ity produces
increased
energy demand.

The importance of the full employment assumption is illustrated
by the fact that all the models require as input the rates of
population growth and productivity increase. The rate of popula-
tion growth virtually determines the growth in the labor force.
The rate of productivity increase describes the temporal improve-
ment of technoleogy which expands output for a given level of in-
put factors. If the availability of other factors is not chang-
ing, then the growth in productivity plus the growth of employ-
ment must determine the growth of the GHP. In the presence of
constant factor prices, therefore, the rate of GNP growth ;s an
assumption in the models. A base case scenario standardizes the
population and productivity inputs. All the models then produce
the same growth path for GNP. The models are designed to examine
the feedback from the energy sector to the economy, but they are

not intended to provide a reference economic forecast.

THE MODEL COMPARISON

Four of the scenarios designed to test the models provide insight
into the measure of the interdependence between energy and the

economy. In addition to the base case, a high economic growth

scenario is constructed by employing higher growth rates for pop-
ulation and productivity. These two alternate economic forecasts
then are subjected to a collection of energy constraints designed
to severely restrict energy supply, substantially increase enerqgy

prices, and produce curtailments of economic cutput.

The comparison between the base case and high growth case provides
insight into the structure of the models. The rcle of flexibil-
ity in energy utilization and the impact of energy sector changes
on the economy should not be confused with the direct effects of
the economy on energy demand. Energy utilization may vary in the
presence of changing energy costs. But when energy prices remain
nearly stable, it is reascnable to expect economic growth to pro-
duce a growth in energy demand. A test of the models in this re-
gard is contained in the compariscon of the base case and the high
growth case runs. The results confirm that all the models pos-
sess this expectad property, some by assumption, others through
parameters estimated empirically. Figurs 5 compares the base

and high growth cases in terms of energy input and sconomic

activity for each of the models.
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Figure 5 Energy Response to Economic Activity (Energy Requirements Given GNP in the Base
and High Growth Cases)



Increasing
energy costs
may weaken

the link
between eco-
nomic activity
and energy
demand.

When all other things are not held egual and energy con-
straints are imposed, both the utilization of energy and the
growth of the economy may be affected. If the potential for
energy substitution is low, the imposition of severe energy
constraints should produce high energy prices and large re=-
ductions in output, maintaining a nearly constant ratic of
energy input to economic output. If the potsntial for energy
substitution is high, the energy constraints will have less
effect on prices and output, and should produce a marked

change in the energy-output ratio.

The base case and the high growth scenarios with and without
energy constraints, or Btu taxes, provide tests of the feed-
back effect embedded in the various models, The estimates

of the aggregate elasticity of substitution in each model are
snown in Figure 6 for the base case. The implicit elasticities
in the mecdels need not be constant over time nor for different
levels of price changes. 1In fact, the sophisticated models in-
clude many avenues for variation in the substitution potential.
But the aggregate elasticity remains as a useful summary index
of the models' behavior. These results confirm the earlier
classification of the models into those which assume limited
substitution and those which smploy a structure designed to cap=-
ture the potential substitution empirically. Both the Kennedy-
Niemeyer and the PILOT models, which assume limited substitu-
tion, display aggregate elasticities below 0.1 and generally
close to zero. The remaining medels, which include detailed
substituticn possibilities, trend toward long run aggregate
elasticities between 0.3 and 0.5. From the previous discussion,
this range of substitution potential is seen te include substan-

tial but not unlimited flexibility in energy use.

The value of the aggregate analysis in summarizing the re-
sults of the detailed models is illustrated in Figures 7 and
8 for models rerresentative of s2ach substitution assumption.
Here, the actual results of the models are displaved for the
base case and the base cass with tax and compared to the pre-
diction that would heobtained from the three factor model

with cnergy, canizal, and labor. In Figurs 7 the results are
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The study has
succeeded 1n
identifying

a central

issue but has
left many other
issues
unattended.

shown for the PILOT model. Figure 8 depicts the same compar-
ison for the Hudson-Jorgenson system. The simple analysis

is not perfect, but it simulates the major portion of the
aggregate effect found in the detailed models. It provides

a guide for the proper use of the detailed systems by illus-
trating the central ideas embedded in the structure of the
full models. The value share of the energy sector is a

small component of the total econemy. Small changes in
energy input, therefore, have a small impact on aggregate
output. For large changes in energy input, the estimate of
the economic impact is sicnificantly affected by the estimate

of the elasticity of substication.

At this juncture it is useful to recall that our simple
measure of economic impact, gross output, is not a complete
description of all the effects of changing energy futures or
the sole representaticn of the guality of life. Environ-
mental effects play an imgortant role in the evaluation of
any energy option but, given our accounting system, they are
excluded from direct consideration. Similarlv, the interna-
tional political implications of alternative energy conditions
may be the dominant focus of concern. The economic impact
may be overshadowed by naticnal security priorities. Even
within the realm of economic measures, important issues such
as the distribution of income are submerged in the aggregate
analysis. Evaluations of sxternalities or more detailed
characterizations of the =conomy are essential in the assess-
ment of specific energy options. Hence, the measurement of
the aggregate slasticity of substitution dees not complete
the story. It i1s the essential first step. It is in the
pursuit of complets analvsis that the more detailed models
establish their value. By exhibiting how individual indus-
tries respond to changing snergy conditions, it becomes
possible to estimats the snvirconmental consezusnces of new
energy options. By 3sgregating demand by fuel tyre, the im-
port and national security implications become more apparent.
It is not the surposs hers o examine the rele of the detailed
models in the study of these issues. Rather, the objectivs

models 2o e assess-




The econcmy has
some flexibllity
but energy is
important,

With some
flexibiliry,
energy sector
models are
still valid.

sector to the economy. In exploiting the value of simplifi-
cation, however, we should not neglect the contributions of the
more detailed medels. Where detail is crucial, a simple anal-

vsis does not suffice.

IMPLICATIONS OF THE MODEL COMPARISON

The implications of the comparison of models of the aggregate
energy-economic interaction are significant. If there is no
substitution, reductions in energy use produce corresponding
reductions in econcmic activity. But if the higher estimates

of the elasticity of energy demand are accepted, it follows that
major changes in energy utilization can be achieved without cor-
responding changes in total economic activity. Even the recog-
nition of the energy-capital effects embedded in the models does
not alter this conclusion. However, we are not freed from dif-
ficult tradeoffs. The absolute impacts of the change in econom-
ic activity are significant. A given reduction in energy sup-
plies may produce onlvy a 1% reduction in GNP each year, but this
can be a large loss in absclute value. It may justify a sub-
stantial research investment aimed at developing low cost tech-
nologles which can expand energy supply or improve the efficien-

cy of energy utilization.

At a more technical level, the aggregate analysis can have im-
portant implicaticons for energy modeling. If there is little
erergy substitution, the feedback effect is significant and en-
ergy models must account for this effect in representing the
energy system. If the substitution potential is pronounced, the
feedback effect is relatively small and separate energy sector
models that hold aggregate economic activity constant can be
justified. The changes in energy utilization and economic costs
can be represented adequately by the first order effects con-
tained in traditional demand curve analyses. This permits im-
portant modeling simplifications and expanded detail for the
improved description of the operations within the energy system.
Of course, the restriction to an enerqgy sactor model eliminates
the capablility of the full economy models to examine changes in

the composition of econcmic activity.

8]
o)



NOTES
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See, for example, the recent report of the Ford Foundation's Nuclear Energy
Policy Study Group, Nuclear Power Issues and Choices, Ballinger Publishing
Ceompany, Cambridge, Mass., 1977.

Hogan, W. W., and Manne, A. 5., "Energy-Economic Interactions: The Fable of
the Elephant and the Rabbit ?", Working Paper EMF 1.3, Energy Modeling Forum,
Stanford University, Stanford, Calif., July 1977. Found in Appendix B.

Sources for Figure 1. The GNP data in 1972 dollars are taken from the
Economic Report of the President, 1977. The energy guantity data are from
the Bureau of Mines. Primary energy prices are taken as the price of crude
cil equivalent from Energy Perspectives, 1975, of the Department of Interior.

The elasticity of demand is defined here in terms of primary energy prices.
This comgplicates the direct comparison of elasticity estimates from other
studies due toc definitional and aggregation problems. However, representative
estimates for energy demand can be found in: M. L. Baughman and 2. L. Joskow,
"Energy Consumption and Fuel Choice by Residential and Commercial Consumers

in the United States", MIT Energy Laboratory, May 20, 197%; Federal Energy
Administration, National Energy Outlook, Appendix C, Feb. 1976; W. D. Nordhaus,
"The Demand for Energy: An International Perspective", Cowles Foundation
Discussion Paper 405, Yale University, New Haven, Ccnn., Sept. 1975.

The econcmic impacts of the simple model with a constant return on cagital are
developed for the full range of elasticity assumptions and energy input re-
ductions in Appendix B.“ The complete dynamic general eguilibrium analysis of
the sophisticated models is required to analyze fully the capital-energy inter-
actions. As an approximation, however, the ad hoc assumption of a constant
rate of return can be viewed as appropriate for the comprarison between two
steady state balanced growth paths, where the rate of return is constant. This
issue is discussed at greater length in Arpendix C: W. W. Hogan, "Capital-
Energy Complementarity in Aggregate Energy-Economic Analysis", Working Paper
EMF 1.10, Energy Modeling Forum, Stanford University, Stanford, Calif.,

Sept. 1977, Found in Appendix C.

Hogan, W. W., and Parikh, S. C., "Comparison of Models of Energy and the
Economy", Working Paper EMF 1.4, Energy Modeling Forum, Stanford University,
Stanford, Calif., May 1977. Found in Appendix D.

"priving Variables, Scenario Definitions, and Individual Model Exceptions",
Working Paper EMF 1.2, Energy Modeling Forum, Stanford University, Stanford,
Calif., June 1977. Found in Appendix F.

Data from the results of the EMF model comparison, Appendix F.

P
~d



Volume 2

ENERGY AND THE ECONOMY

Appendices
page
A. Introduction to EMF Supporting Documents A-1
B. Energy-Economy Interactions:
The Fable of the Elephant and the Rabbit 7 B-1
C. Capital-Energy Complementarity in Aggregate
Energy-Economic Analysis c-1
D. Comparison of Models of Energy and the Economy D-1
Strengths and Limitations of the Models:
t The EMF Process from a User's Perspective
%i;-" {forthcoming) E-1
iz F. Scenario Implementations for the Participating
" EMF Models F-1
," G. Abbreviated Model Documentation G-1
.
a3 DRI-BROOKHAVEN
: WHARTON HNYILICZA
i ENERGY

ECONOMY
MODELS

PILOT HUDSON-JORGENSON

KENNEDY-NIEMEYER

R TR T e S et

=

T
¥ ¢



Appendix A

INTRODUCTION TO EMF SUPPORTING DOCUMENTS

DRI-BROOKHAVEN

WHARTON HNYILICZA
ENERGY
ECONOMY
MODELS
PILOT HUDSON-JORGENSON

KENNEDY-NIEMEYER



Appendix A

INTRODUCTION TO EMF SUPPORTING DOCUMENTS

SUMMER WORKSHOP

In recent years, several formal models of energy-economic systems have been in
various stages of development and implementation. These models have the potential
of providing a great deal of insight into many complex economic and environmental
interactions, They could provide better answers to decision makers on a broad
range of questions related to energy supply, demand, and distribution. Full
realization of this potential, however, requires effective interaction between the

decision maker and the mcedel builder.

On July 21-23, 1976 a workshop was held at Stanford University under the auspices

of the Electric Power Research Institute and the Stanford Institute for Energy

Studies
. to explore interest in a Forum of decision makers and energy
modelers operating through open discussion to make effective the
use of models of energy-economic systems in the evaluation of
energy options for the country,
. toc explore ways to create and structure such a Forum panel, and
. to develop suggestions concerning the organizational structure

for implementation of the Forum project.

It was hoped that the Energy Modeling Forum (EMF) approach could be developed as a

way to promote the needed interaction to make the model methodeologies more acces-

sible for use and improvement. The proposed Forum's function, in general, would be:
. to use some of the major energy models to sharpen insights,

improve understanding, and explore through open discussion
the implications of selected energy decisions and scenarios;

. to disseminate analysis of the impacts of various energy options.

. to provide guidance for the improvement, linkage, and extension
of energy models and to establish priorities for new modeling
research;

- to identify critical elements of existing models and pinpoint

the major strengths and weaknesses.



The provision of a strong user orientation is a central theme in the conceptual-
ization and design of the Forum project. This focus on users was evident in the
participation and structure of the three day workshop. Approximately 100 people
attended the workshop, providing a broad representation of the model developers
and users. Concrete suggestions for the structure and operation of the Forum
project were presented, and information concerning the initiation of the Forum
project was circulated through the energy model development and using communities.
The details of the workshop discussions are reported in "Stanford-EPRI Workshop

for Considering a Forum for the Analysis of Energy Options Through the Use of
Models" [1].

The Stanford Institute for Energy Studies was selected by EPRI as the headquarters
for the implementation of the Forum project, beginning with a six month experi-
mental effort. Following the guidelines and suggestions of the summer workshop,
this experimental study would test the viability of the Forum concept and the

effectiveness of the organizational design.

THE MODELING RESQURCES GROUP

The methods and content of the first EMF study depend heavily on the work of the
closely related Modeling Resources Group (MRG). The MRG is a subpart of the
Committee on Nuclear and Alternative Energy Systems (CONAES}, a large study di-
rected by the National Research Council (NRC)} to conduct a detailed analysis of
the options available for the evolution of the U.S. energy system through the year

2010. The study is being conducted for ERDA and has a projected completion date
in 1977.

The CONAES effort has been implemented through an extensive structure of panels

and resource groups with participants from diverse backgrounds and institutions.

A center of CONAES activity is the Synthesis panel which has responsibility for

the integration of the tradeoff analysis inherent in the alternative energy sce-
narios. The MRG, chaired by Tjalling Koopmans, is one of the specialized groups
reporting to the Synthesis panel. The broad purposes of the MRG are to identify
and realize the contribution that formal energy models can play in the completion
of the CONAES effort. Many members of the EMF working group have participated in
the MRG activities, and we borrowed heavily from its innovations. An understanding
of the history of the MRG provides a background for the formulation of the ini-

tial EMF study.



The mandate of the CONAES effort is substantially larger than the difficult but
more focused tasks of the MRG. The CONAES study is designed to deal with a broad
set of questions, expleiting all avenues of analysis and sources of information.
The MRG provided input to the total effort while concentrating on the examination
of the role of formal models in the analysis of future energy alternatives. The
MRG consisted of representatives of several maior energy modeling efforts and,
bringing together modeling skills and several specific models, has undertaken

two general activities. First, the members provided the characteristic advantages
of formal modeling to the formulation of many key questions which the study must
address. Second, the involvement of several models permitted the comparison of

results across models to permit evaluation of the sensitivity of conclusions to

changes in model structure.

The MRG proceeded in these activities through several steps. The general struc-
tures of the various models are explored through discussions, Lists of key
variables and assumptions are established. The central values of these variables
are researched or negotiated to produce a consistent set of inputs. Individual
and collective wvariations in these input values are constructed to produce a set
of scenarios designed to explore key features of the models. The scenariocs are
exercised by all models feasible and the results displayed and compared. The
output comparisons focus on impact analysis for key policy changes, sensitivity
analysis for change in realization of future states of the system, and the com-
‘parative explanation of results generated by different model structures. The
Forum's methodological debt to the MRG is clear. The EMF adopted MRG procedures,
energy sector assumptions, and selected a topic to complement the MRG foeus on
changes within the energy sector. Despite the addition of direct user involvement,

the EMF remains the spiritual relative of the MRG.

FIRST EMF STUDY

The experimental pericd of the Energy Modeling Forum began in September 1976. For
its first issue study, the EMF undertook the use of models to study the feedback
from the energy sector to the economy. What is the nature and the strength of the
link between the energy sector and the rest of the economy? An important topic

in its own right, this subject is of particular interest because of the clesely
related work of the CONAES-MRG [2] or other recent studies, e.g., Ford-Mitre

study [3}. The MRG studies examined detailed changss in models of the energy

sector, but limited attention to consumer surplus approximations of the feedback



magnitudes. The EMF models, by design, include the full economy and model the
energy-econcmic linkages explicitly. The Ford-Mitre study uses an approach
similar to that of the COMAES-MRG, but emphasizes the role of the "value-share"
analysis. These issues are discussed in some detail in the various sections of
this report. The Forum analysis concludes that a reduction in energy use need
not produce a proportional reduction in economic output. This agrees with the
main observation of these two related studies. The Forum results disagree,
however, in the magnitude of the impact. The Forum results indicate that both
the MRG and the Ford-Mitre assessments may underestimate the impact hecause of
a lack of attention to the relationship between capital formation and energy

availability. Properly, this detail is found only in the full models of energy
and the economy.

Following the principles developed at the summer workshop, a group of interested
model users and developers was organized to conduct the comparative study of
several energy models in the examination of the link between energy and the
eccnomy. As in the MRG, tests of the models would be constructed and the working
group would seek to explain the common results or the causes of any model differ-
ences. The EMF working group consisted of approximately 30 members from the
energy modeling and analysis community {Table A-1). The first meeting was held
on October 1-2, 1976 in Washingten, D.C. At this meeting the working group
familiarized itself with the selected models, agreed upon the assumptions for

the driving variables, and defined six scenarios to be run by the modelers.

The werking group met for the second time on December 10-11, 1976 in Pale Alto,
California. At this meeting the first round of runs from the participating
models was reviewed. The working group modified some of the assumptions and
recommended a second round of scenario executions. The final results of the
computer runs were to be reviewed by a subcommittee chaired by Gorden Corey of
Commonwealth Edison. The Corey Subcommittee met on March 21, 1977 in Chicago.
It reviewed the final results of the computer runs and developed the draft

report of the study.

THE ORGANIZATION OF THE REPORT

During this study the participants in the working group develcoped a framework
for comparing and interpreting the results of the models. This structure

evolved in response to the attempts to explain apparent differences in the first
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results of the models. The major conclusions of the study formed in conjunction
with the elaboration of this comparative structure. In part, this framework
centers on the simplification of the basic principles embedded in the medels to
highlight the key assumptions dominating the energy-economy interactions. The
chief responsibility of the working group here was to isolate these key elements
and make them accessible to a wide audience of potential model users. An example
¢f this type of result is the illustration of the central role of substitution

assumptions in determining the link between energy and the economy.

The explication of key assumptions is an expected output of the EMF studies.
Generally these results are known to the modelers and their discovery is no
surprise. An unexpected part of the model comparison, however, was the investi-
gation of certain model characteristics known only to a few of the modelers at
the start of the study. The link between capital and energy in determining the
long run impact of energy scarcity can be cited in this regard. An apparent
benefit of this first study is the stimulation of new model development efforts
dealing with some fundamental technical issues, but these more technical matters
are not dealt with at length in this report except as they influence the immedi-
ate comparison of the models., These are left to the individual modelers, some
of whom have undertaken major development efforts, stimulated to a degree by the

interaction in the EMF study.

The EMF report concentrates on the first type of result, the illustration and
exposition of the underlying structure of the models. The purpose is to improve
the understanding of these models and to make them more accessible to potential
users. The presentation of these results is organized in two main segments. &
general summary of the full study is presented in Volume 1. This summary is
intended for wide circulation and, therefore, is written with an effort to
minimize the technical details and specialized jargon. Volume 1 captures the most
important themes in the model comparisons with an emphasis on the positive con-
tributions of the models. The detailed model results and analytical support for
this summary are organized in several appendices of Volume 2 of the report, be-
ginning with this introduction and overview. Some of these appendices are usable

as separate papers. The effort to minimize the technical detail is continued.



Appendix B (EMF 1.3)

With energy treated as an economic geood, the basic structure of the models starts
with the small value share of energy in the total economy, the potential for the
substitution of other factors of production, and the possible impacts of the link
between capital and energy. The importance of these ideas can be illustrated
without the detail necessary for a full scale modeling system. The paper,
"Energy~Economic Interactions: The Fable of the Elephant and the Rabbit ?", by
Hogan and Manne [4] presents this simplified analysis. This framework establishes

the structure for the comparison of the results from the detailed models as pre-

sented in Volume 1.

appendix C (EMF 1,10}

The link between capital and energy is an important component of the full feedback
effect of energy on the economy. The nature of this link is a subject of debate
with conflicting evidence available in different studies. This issue is discussed
in further detail in the paper, "Capital-Energy Complementarity in Aggregate
Energy-Economic Analysis", by Hegan (5], The proposed resolution of the debate

lends support to the simplified analysis presented in Volume 1 of this report.

Appendix D (EMF 1.4}

The models included in the EMF study are diverse in terms of structure, intent,
level of aggregation, and key problem assumptions. Upon clese inspection, how-
ever, all the models have certain common features. The paper, "Comparison of
Models of Energy and the Economy”, by Hogan and Parikh [6] develops a straight-
forward taxconomy for these models by expleoiting the common acceounting structure.
This includes identification of key model characteristics relevant to the EMF

study. This should provide an introduction for potential users of these models.

Appendix E (EMF 1.7)

The purpose of the Forum studies is to make models more useful. The strong
emphasis is on the positive, to describe the contributions of the models and the
key information needed to use them successfully. But the models are far from
perfect, In fact, as with all simplifications (including implicit mental models),
there is a long list of problems and limitations. In the paper, "Strengths and
Limitations of the Models: The EMF Process from a User's Perspective", (7] Walker
discusses some of the more important medel limitations, concentrating on character-

istics which might be imputed to these models but which they 4o not possess. In



addition, Jim Walker summarizes the value and operation of the EMF study from

the perspective of a participating model user.

Appendix F (EMF 1.8) ({8]

The conduct of the EMF model tests requires the specification of a large array
of input assumptions and the interpretation of an equally large array of output
information. These data, the corresponding test scenarios, the model deviations
from central assumptions, the selected graphs with commentary, and the full

listings of the model results are presented in this lengthy technical appendix.

Appendix G (EMF 1.9) [9]

The documentation of the individual models exists with a high variance on com-
pleteness and usability. The working group assembled short summary documentation
from each participating modeler. This appendix includes these short model summaries.
Lengthier documentation is available in a variety of forms from the EMF, the par=-

ticipating modelers, or publications in the open literature.
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Appendix B

ENERGY~-ECONOMY INTERACTIONS:
THE FABLE OF THE ELEPHANT AND THE RABBIT ?

This appendix develops a simple framework for representing the
interactions between the energy sector and the economy. The
results of the detailed EMF models find their primary comparison

in this report at the level of the model presented in this
appendix.
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ABSTRACT

This paper presents an aggregate analysis of energy-GNP interactions. The results
underscore the importance of two parameters: the relative size of the energy sec-
tor, and the elasticity of substitution. These appear to be the dominant factors

in conservation policy and in energy demand model design.
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Appendix B

ENERGY-ECONCOMY INTERACTICNS:
THE FABLE OF THE ELEPHANT AND THE RABBIT ?

INTRCDUCTION

In most energy policy studies, the energy sector is viewed in isolation from the
remainder of the economy, and the analysis is performed without consideration of
the broader impacts. Typically, the GNP and other macroeconomic indices are taken
as given--as though they were unaffected by the energy sector., This is not fully
satisfactory, for there could be two-way interdependence with the remainder of the

economy .

As a rough measure of the cost (or benefit) of a given energy policy, it often is
sufficient to calculate the impact upon the aggregate consumption or the GNP. The
dollar magnitude of this impact may be significant and highly relevant to energy
policy. Nonetheless, even a large absolute amount may constitute only a small
fraction of the GNP. It is in this sense that there may be virtually one-way
linkage--that the GNP growth rate may affect the energy sector but not vice versa.
With one-way linkage, there would be no need to couple the energy sector with an
economywide analysis. Approximate estimates of economic impacts would be adequate
for energy policy evaluations. If it turns out, however, that two-way linkages
are significant, we cannot treat the energy sector in isolation but must consider

the full interdependence effects.

Before undertaking a complex analysis of the interdependence effects, it would
appear useful to make a rough assessment of their magnitude. That is the purpose
of this paper. We present a simple model for organizing the central concepts and
the parameters that might underlie a more realistic study. This aggregative model
provides insights and indicates the possible range of energy policy impacts upen

the economy as a whole.



THE ELEPHANT AND THE RABBIT 7

For simplicity, we represent the econcmy in terms of just two inputs--energy and
all other items. MNote that energy is only a small component of the U.S. economy.
As of 1970, the value of primary energy inputs did not exceed 4% of the GNP. &t
1970 or even current prices, this is scmething like an elephant-rabbit stew. If
such a recipe contains just one rabbit (the energy sector) and one elephant (the

rest of the economy), won't it still taste very much like elephant stew?

If prices had not risen after 1970, it is likely that energy demands would have
grown at about the same rate as the GNP. The 4% ratioc then would continue into
the future, But what if energy costs double, and there is sufficient time for the
economy to adapt to this change? A naive estimate of the impact may be obtained
by assuming a constant input mix. On this basis, an additional 4% of the GNP must
be allocated to cover the costs of energy. Other input-mix options are in fact
available, and some would lead to lower costs. Thus, the first doubling of energy

costs would produce, at most, a 4% loss in GNP.

Reductions in the physical availability of energy also can be interpreted in terms
of higher costs. However, for questions phrased in terms of the physical avail=-
ability rather than dollar costs, an alternative application of the value share is
useful., The elephant~rabbit analogy still is applicable, if there is sufficient
time for the economy to respond smeothly to changes in the availability of energy
relative to other inputs. The value share of the energy sector determines the in-
cremental effect upon the GNP. If the 4% value share remained constant, this would
mean that a 10% reduction in energy inputs would produce only a 0.4% drop in total
cutput. Thus, for small changes in energy availability, there need not be a pro~

porticnal impact upcon the econcmy as a whole.

For large reductions in the availability of energy, the value share need not remain
constant. If the value share rises, the GNP effects may become more pronounced.

To evaluate large changes, we must proceed beyond the metaphor of the elephant and
the rabbit.

SUBSTITUTICN

The processes for future production and utilization of energy are not fixed immu-
tably. Insulation, engine efficiency improvements, and “"input juggling" in pro-

duction precesses all can alter the energy requirements for a fixed level of output.



Such substitution modifies the economic impacts of changes in the energy system.
This flexibility in energy utilization is the next essential element, after the
value share of energy, in measuring the magnitude of the energy-economic feedback.
It also characterizes the key difference among many energy models. In economists’
jargon, different assessments of this flexibility of energy utilization can be
phrased as a disagreement over the numerical value of the "elasticity of substi-

tuticn”. This is a measure of the ease or difficulty of replacing energy with

other inputs.

The discussion is simplified here by restricting attention to the long run, when
energy equipment and processes can be changed substantially. Not that the short
run is unimportant, but the character of the problem is different. A sudden shock
may create far more serious problems than the gradual long-run pressures of

resource exhaustion. Here we focus only on these long-run adjustments.

The elasticity of substitution concept is illustrated in Figure B-l1. The point
identified as "current input mix" represents one possible combination of the in-
puts of energy and other factors (capital and labor) used to provide a given level
of total ocutput. The lines drawn through this point indicate alternative combina-
tions of inputs that could be used to produce the same level of output. These
constant output curves summarize the potential for substitution between energy and
other inputs. Except for the explicit assumption that energy and other inputs are
substitutes (i.e., that the slopes of these curves are negative), the general
shape of these curves might be quite varied. Three alternatives are shown in

Figure B-~l--with elasticities of substitution equal to zero, one, and infinity.

If the energy-GNP ratio were an immutable constant, this would imply a zero elas-
ticity of substituticn. It would mean that total ocutput could not be increased
without increases in both energy and nonenergy inputs. This fixed proportions
assumption flies in the face of common sense. It is reminiscent of the theories
that led the U.5. and its allies to attempt to destroy the German ball bearing

industry during World War II, and thereby to knock out the entire German ecohomy.

At the opposite extreme, if all inputs to the economy were completely fungible,
there would be an infinite elasticity of substitution. This also flies in the
face of common sense. It would mean that machinery could run without energy, or

that energy would be useful witheout machines.
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Figure B-1 The Elasticity of Substitution Concept




Still ancother hypothesis is that the elasticity of substitution is unity. This
would imply that as the relative price of energy increased, the optimal walue

share of energy inputs would still remain constant at, say, 4% of GNP.

The elasticity of substitution need not be either zero or unity or infinity, If
we restrict ourselves to a constant elasticity of substitution, we cannot con-
struct a simple model of energy-economy linkages. In examining the implications
of this model, however, it is not necessary to rely on altogether arbitrary judg-
ments as to the appropriate elasticity. For this aggregate model, the numerical
values of the long run price elasticity of demand and of the long run elasticity
of substitution are virtually identical. Therefore, many econometric and engi-
neering studies of the price elasticity of energy demand can be applied directly
to the measurement of the elasticity of substitution. Unfortunately, a variety
of defects can be found in each empirical study. Unlike the value share of the
energy sector, no definitive estimate of the elasticity of demand/substitution is
available, The weight of the evidence would suggest that the elasticity lies
between 0.2 and C).E).‘I~ In pregenting the economic impacts of alternate energy
availabilities, we encompass this range of elasticities--partly because of the
empirical evidence and partly because the results do not vary significantly for

elasticities that are either much higher or much lower.

For the present purposes, it is reasonable to assume that energy demand would
grow at a rate close to that of the total economy if relative energy prices were
to remain constant. A 3% per vear growth over 1970 would imply a GNP in 2010 of
approximately $4400 billion {1975 dollars) and a total primary energy input of
220 quads. Suppose that for reasons of resource conservation, environmental pro-
tection, or national security, there is a need for reduced energy consumption.
Suppose further that there is no reduction in the econocmic inputs other than
energy. One way to achieve a reduction in energy consumption would be through an
energy conservation tax with the tax revenues fully redistributed. Other policy
measures (e.g., auto efficiency standards) also could achieve much the same goal,

but for illustrative purposes we shall simply describe all of these as a Btu tax.

.t.

The elasticity of demand is defined here in terms of primary energy prices. This
complicates the direct comparison of alasticity estimates from other studies due
to definitional and aggregation problems. However, representative estimates for
energy demand can be found in [1, 2, 3].



This tax represents the incremental value of energy at the varicus consumption

levels. Under these assumptions, the feedback issue can be posed through two

questions:
. What is the size of the necessary Btu conservation tax?
) What is the resulting impact on GNP?

For alternative values of the elasticity of substitution, the answers to these
questions are illustrated in Figure B-2. This graph depicts the GNP that would
result at various levels of energy input, ranging from the reference value of 220
quads down to 70 gquads, if the inputs of capital and labor are held constant, and
if energy costs remain constant. The results are shown for elasticities of sub-
stitution between 0.1 and 0.7. The slope at each point indicates the "Btu tax"
needed to achieve the specified level of energy consumption. Thus, if the elas-
ticity of substitution is 0.3, a tax of 55.76/106 Btu would be needed to reduce
anergy consumption from 220 quads to 110 quads. The resulting GNP would be re-
duced from $4400 billion to $4213 billion {4.3%). For convenience, the same

information is repeated in tabular form in Table B-1,

According to this simple model, the long run elasticity can have a startling effect.
A 50% reduction in energy utilization would produce a 28% reduction in GNP if the
elasticity is 0.1, but only a 1% reduction in GNP if the elasticity is 0.7. The
taxes required to achieve these reductions display a corresponding variation.

Most existing estimates of the price elasticity of demand for primary energy would
fall within the range of 0.2 to 0.6. The issue certainly has not been resolved,

and there is some evidence for both higher and lower values. It is essential,
therefore, that any improved analysis of the energy-economy link provide a careful
specification of the elasticity of demand/substitution. Most modeling efforts

can be characterized in terms of their treatment of this important concept.

EXTENSIONS COF THE ANALYSIS

The estimate of economic impact is sensitive to simplifying assumptions, one of
the most questionable being that changes in energy availability do not affect the
pattern of investment and the long run inputs of capital services. The effect of
this assumption can be illustrated by extending the initial framework to include
three inputs to the economy: energy, capital, and labor. Instead now of holding

capital and labor constant as energy changes, let capital adjust te maintain its
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Table B-1

ALTERNATIVE ESTIMATES OF ECONOMIC IMPACT IN THE YEAR 2010

{with constant energy costs and constant capital and labor inputs}

= quads of ELASTICITY OF DEMAND/SUBSTITUTION
energy
in 2010 0.1 0.2 0.3 0.5 0.7

Parcent Reduction in GNP

220 0 0 0 o 0
190 0.6 0.3 0.2 )
160 4.5 1.3 0.8 0.4 0.3
110 27.7 9.2 4.3 1.9 1.2
70 53.8  30.8  14.3 5.2 3.0

Incremental Value of Energy,(S/lO6 Btu)

220 0 0 Q ¢] 0

190 2.40 .80 .48 .26 .18
160 10.37 2.69 1.38 .67 .44
110 27.53 13.69 5.76 2.17 1.26
70 29.05 34.52 19.24 5.94 2.99

Note:

Developed using base case assumptions and approximations
discussed in the Appendix. Throughout, it is assumed that
if 220 quads of energy were available, the GNP would be
$4400 billions in 2010 (when expressed at 1975 prices).
The cost of energy is in all cases the 1970 price: §.80
per million Btu. The incremental value represents the

excess over this amount,



rate of return.+ The impact of this change in assumption is displaved in Figure
B-3 for an elasticity of 0.3, At an energy input reduction of 50%, the adjustment
of capital from a constant input to a constant rate of return increases the eco-
nomic impact. Instead of 4%, the impact now becomes 11%, The energy tax needed to
achieve this reduction in energy use is 4.33/106 Btu. But the potential for sub-
stitution still preserves the basic gualitative results. Reductions in energy
input need not produce proportional reductions in total economic output., The
economic impact of energy conservation is quite sensitive to the assumptions--

either explicit or implicit-~on the elasticity of substitution., (See Table B-2.)

Other objections can be raised against this analysis. First, the aggregation

may disgquise distinctly different behavior in individual sectors. The specific
processes for energy substitution are varied and intricate. The morass of detail
may be approached gradually by expanding the simple model for improved description
of the elasticities through the separate analysis of more representative groupings.
Second, the aggregate substitution parameter does not provide an engineering
description of the new processes and the technologies that must be adopted. &
more disaggregated analysis is needed in order to provide the detail to lend
credibility to the simple analysis. A large part of the motivation for the con-
struction of more sophisticated models can be viewed as the need for overcoming
these difficulties by improving the aggregate estimate of the elasticity of
demand/substitution or by providing a demonstration of energy utilization flexi-

bility at a verifiable level of detail.

POLICY AND ANALYTIC IMPLICATIONS

The implications of substitution are significant for the energy-economic interface.
If there is no substitution, reductions in energy use produce corresponding re=-
ductions in ecconomic activity. But if the higher estimates of the elasticity of
energy demand are accepted, it follows that major changes in energy utilization
can be achieved without corresponding changes in total economic activity. Even in

the latter case, we are not freed from difficult energy policy tradeoffs., The

+Examininq the relationship between capital and energy leads to the debate about
complementarity versus substitution and the proper measurement of the Allen partial
elasticities of substitution. Because of our aggregation to the level of the total
economy and our range of elasticities, the resolution of this debate does not
affect our gualitative results about the impacts of reduced energy or capital.
The conflicting empirical arquments are found in (4, 5, 6]. This debate and the
relevance of the assumption of a constant return on capital are discussed at
length in {7}.
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Table B=-2
ALTERNATIVE ESTIMATES OF ECONOMIC IMPACT IN THE YEAR 2010

{with constant energy costs, constant labor inputs,
and a constant rate of return on capital)

1

E = quads of ELASTICITY OF DEMAND/SUBSTITUTION
energy
in 2010 0.1 0.2 0.3 0.5 0.7

Percent Reduction in GNP

220 0 0 0 0 0
180 4.0 2.0 1.4 L.0 1.0
160 12.0 5.7 3.5 2.1 1.8
110 33.4 19.2 11.3 5.5 3.9
70 55.6 39.9 25.8 11.7

Incremental Value of Energy ($/106 Btu}

220 0 0 0 0 0

150 1.41 .87 .42 .24 .17
160 4.26 2.00 L.19 .62 .41
110 11.94 7.41 4.32 1.95 1.18
10 19.63 16.79 11.869 5.06 2.76

Note: Developed using base case assumptions and approximations
discussed in the Appendix. Throughout, it is assumed that

if 220 quads of energy were available, the GNP would be
$4400 billions in 2010 {when expressed at 1975 prices).
The cost of energy is in all cases the 1970 price: §$.80
per million Btu. fThe incremental value represents the
excess over this amount.



absolute impacts of the change in GNP may be significant. A small proportion of a
large number still remains a large number. A given reduction in energy supplies
may produce only a 1% reduction in GNP each year, but this can be a iérge loss in
dollar terms. If the economy is growing at 3% in real terms, and we discount
future consumption at 6%, a 1% reduction in annual GNP coxre;ponds to a present
value of nearly half a trillion dollars. Such a figure would justify a substantial
research investment aimed at developing low cost technologies which expand energy

supply or improve the efficiency of energy utilization.

At a more technical level, the implications for energy modeling may be more con-
clusive. If there is little energy substitution, the feadback effect is signifi-
cant, and energy models must account for this effect in representing the energy
system. However, if the substitution effects are significant, the feedback effect
on the evaluation of the energy system is relatively small., In this case, the
energy sector may be analyzed by itself. The changes in energy utilization and
economic costs can be represented adequately by the first order effects contained
in traditional microeconomic demand curve analyses. This permits important
modeling simplifications and expanded detail for the improved description of the

enerqgy system,

SUMMARY

A simple aggregative model can illustrate some key concepts in determining the
economic impacts of energy policies. The small relative size of the energy sector
motivates the metaphor of the elephant and the rabbit. It indicates that small
changes in energy availability do not produce proportional changes in economic
activity. The elasticity of substitution determines the economic impacts for
large changes in energy availability. A low elasticity implies significant
interactions. Higher elasticities may yield important economic impacts, but

these may be represented adequately in an isclated analysis of the energy sector.



APPENDIX

INTRODUCTION

The metaphor of the elephant and the rabbit applies to an aggregate view of the
economy with a single output and two inputs. If this approximation is accepted

and if certain accounting conventions are adopted, it is straightforward te manipu-
late static comparisons of this model. This appendix records the aggregation and
accounting conventions, summarizes the development of the two-factor model, and
develops its application. An extension is presented to illustrate the possible

relationship between energy and capital inputs.

ACCOUNTING CONVENTIONS

A basic accounting structure is needed to proceed toward a gquantitative analysis

of energy-economic interactions. To focus on the essentials, we distinguish ini-
tially between only two types of economic inputs--energy, denoted by E with price
PE . and all other inputs, dencted by R with price PR . Here, the symbol R
denotes the agdgregate economic value of inputs such as capital and labor, assuming
that their relative prices do not change significantly. Later we examine one dis-

aggregation of R into its capital and labor constituents.

With this notation, the economic transactions of Table B-3 summarize the accounting
conventicns for the production and use of energy and nonenergy goods. Energy is
treated as an intermediate product contributing to the ultimate production of goods
and services for final demand. This might be the case, for example, if the con-
sumer is viewed as demanding transportation services rather than gasoline. Atten-
tion is focused here on the gross output of the nonenergy sector, denoted as Y .
This cutput is measured in the same units as GNP. As the only consumer good, it is
assumed throughout to have a price cof 1. From the standard identity relating the
value of inputs and outputs, we have

= 1
Y PEE+PRR (1)

and also,



INTERINDUSTRY TRANSACTION FLOWS

Table B-3

TO ENERGY NONENERGY FINAL DEMAND
FROM

ENERGY 0 PLE o
NONENERGY P.E 0 GNP
PRIMARY o PR

FACTORS




Y = PEE + GNP . {2}

The heart of the model is the assumed aggregate production function relating gress

output (Y) to the inputs of energy (E) and all other factors (R) :

Y = F(E,R) . (3

It is assumed that F is a positive, differentiable, concave function exhibiting
constant returns to scale. Each of these assumptions is supported by plausible

economic intuition.

EFFICIENT SOLUTIONS AND THE VALUE SHARE

If producers are making efficient choices, they are, in effect, solving the

problem:

F{E - - .
Max (E,R) PEE PRR (4)

Then for an economically efficient solution, the price of energy must egual its

marginal productivity:

Ig © P . {5}

The importance of the relative size of the energy sector can be demonstrated with-
out any additional information about the production functien. From (5), it

follows that

(&)

O O
[ o]
.
= |m
i

The left hand side of (8) is the elasticity of output as the input of E varies,
assuming that R is held constant. The right hand side of (&) is the value share
of the energy input as a proportion of total output. If PEE/Y = s , then a 1%
change in the energy input produces an s% change in gross ocutput. If we assume

that the value share, s , remains approximately constant over a wide range of E ,

then
s
Y E
= [ = . 7
Q o]
Under these conditions, with the 1970 level of s = .04 , a 50% reduction in E
would lead to only a 2.7% reduction in Y . Even with s = 0.1, a 50% reduction

in E would produce only a 6.6% reduction in Y



This observation is the motivation for the fable of the elephant and the rabbit.
This analogy would be persuasive if the energy wvalue share did indeed remain con-
stant. Even major changes in enerqgy inputs then could be accommodated over the
long run with a small effect on output. But constancy of s is a strong assump-~
tion, and it depends crucially upon the degree of potential substitution between
energy and other inputs. If the substitution possibilities are guite limited, then
one effect of a change in energy availability is te increase the energy value share.

There then could be large impacts upon the economy.

The importance of the elasticity of substitution is a main theme of this paper,
{Recall Figure B-2.) The next section of this appendix develops a two-factor model
on the basis of different elasticities of substitution, but drops the assumption of

a constant value share, 5 .

ELASTICITY QF SUBSTITUTION

The elasticity of substitution provides a dimensionless index of the relationship
between the relative use of the two inputs and their relative marginal productivi-

ties. Formally, the elasticity of substitution is defined as:

_&.1n (E/R}

8 1“(%%5%%)

g = (8)

A constant elasticity of substitution implies that a given percentage change in

the ratio of the two inputs (holding output constant) produces a constant but
opposite percentage change in their marginal rate of substitution. This somewhat
awkward definition provides the minimal approximation of the substitution potential

in any production function with adequate flexibility for analysis of the feedback

issue. Excluding three special cases (that is, for g # 0 ,1,%}), (3) now becomes
g~1 g-1 g=-1
v? =ae% +pr 7 (9)

where a and b are two constants.

For given prices, the input mix must satisfy the first-order optimality condition

in (5) above,

F 1
g—g = a(%) &l = PE . (lo)
B-16



At constant prices, equation (10) implies that E/Y will be constant (approxi-
mately a constant energy-GNP ratio). For changing prices, however, this ratio

will change.

For the present discussion, observe that (10) may be inverted to relate energy use

to output and prices,
E = Yag(PE)_c ] (11)

Note that the marginal productivity function (11} is the approximate form of many
empirical studies of energy demand as a function of output and prices. Wow, if

¥ is approximately independent of E , equation (11} implies that the price
elasticity of demand for energy remains nearly constant and is virtually identical
to the elasticity of substitution. Hence, the more familiar concept of the aggre-

gate price elasticity of energy demand can be used to estimate o

The production function in {9) and the demand function in (11) are the center of
the aggregate analysis. The importance of the J parameter is indicated when we
interpret (1l) in the context of value shares. Analogous to the discussion of
the previous section, equation (6) can be restated as,

P E 1-
E g

s=— = ao(pE) ) (12)

This means that s (the value share of energy) is a function of the real price of
energy. If the elasticity of substitution or demand is 1, the value share is
constant. However, if O 1is less than 1, an increasing price of energy implies
an increasing value share associated with a reduced availability of energy. At
small values of ¢ , s increases rapidly, and energy reductions produce

large reductions in GNP,

The price elasticity of the demand for energy in egquation (1l1) no longer is constant
once we account for the adjustments in output induced by the price changes. At
any point, the exact elasticity is -d/(1-s) . The impact of rising shares is to

reduce demand further through the feedback.

PRODUCTION FUNCTION ANALYSIS

The productien function analysis utilizes the constant elasticity production func-
tion and the associated demand curve. Figure B-4 illustrates the relationship

between Y, GNP, and PE . Given g0 and hase estimates of YO' EO, RO‘ and PE,D ,
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equations (9) and (11} determine the parameters a and b . Variations in E
then determine variations in PE' Y, and GNP with Ro held constant. In moving
from Eo to El , there is an increase in PE » a decrease in Y , and a larger

decrease in GNP.

If the increase in energy price is a real resource cost (e.g., all energy is im-
ported from OPEC), then the increase in price and decrease in output reduces the
GNP to GNPI. However, if the price increase and reduced demand are achieved
through a tax, the tax revenue is T ., If this revenue is returned to consumers
and transferred to nonenergy uses, the new GNP or real income level is

Eﬁﬁi = GNPl + T . The magnitude of each of these changes depends on the curvature
of the function as determined by g , the elasticity of substitution.

To illustrate these calculations, recall from {11} that

_ g -G
Eg = Yga (PE’O) . (13)
Therefore,
5, 1/0
a= ?; *Ppo - (14)

From the assumption of constant returns to scale and the accounting conventions,
we know that

= i5
Y PRR + PEE (15)

and P = GNP_ , By appropriate choice of units, we can define R, =1

R,ORO o] 0
Since RO must satisfy optimality condition corresponding to (1l), it follows

that

g =J
= 16
R, = Y b (PR'O) , (16)
or
-1/0
= Y . 17
b GNPO( 0) (17)
Given a and b , (9) determines Y for any El with RO = 1 . Equation (11)
determines the associated price PE 1 which then yields GNP1 and GNPl as
L}

in Figure B-4.



In Table B-4, prices and GNP values are presented for different values of energy
demand in the year 2010. These results are obtained by assuming that the equilib-
rium E and GNP would have grown at a 3% annual rate from 1970 to 2010, if
energy prices had remained at their 1970 level of §.80 per million Btu. (This
represents the 1970 U.S. wellhead price of c¢rude oil, expressed in terms of the

1975 general price level.)

Table B-4 shows the importance of the elasticity of substitution. If this parameter
is as high as 0.5, there is substantial decoupling of energy and the GNP, even at
energy consumption levels as low as 110 quads in the year 2010. But if the elas-
ticity of substitution is 0.1, the effects of reduced energy input could be large.

A 70 quad scenario would then imply that the growth in real GNP would have to be
held to virtually zero over the years 1970 through 2010!

ACCOMMODATING CAPITAL AND ENERGY

The analysis of substitution identifies an important element of the energy-economic
interaction and illustrates the limits of the analogy of the elephant and rabbit
stew. Several other deficiencies can be found in this model. The most serious may
be the relationship between changed inputs of energy and the inputs of all other
factors. It might be a reasonable first approximation to assume that labor inputs
are undiminished by the changed availability of energy, even though their produc-
tivity declines. But the same may not be true for capital inputs. Reduced energy
inputs will lower the marginal productivity of capital. This, in turn, may depress
the rate of saving and the level of investment. This energy induced capital reduc-
tion will reduce further the level of output and GNP. Such indirect effects may

be the most important component of the economic impact of energy scarcity.

There are several paths to fellow in complicating the analysis to accommodate the
roles of capital, labor, and energy. Following a popular approach in the litera-
ture, we adopt the natural extension of the two-factor production function by
assuming that R is a Cobb-Douglas function of the inputs of capital (K) and
labor (L) ,

R = cxk® 7%, (18)

B

'We are indebted particularly to Dale Jorgenson for calling our attention to this
issue and for his assistance in developing the argument. See footnote, p. B-9
regarding the closely related issue of energy-capital complementarity.

B-~20



Table B-4
ECONOMIC IMPACTS OF ENERGY REDUCTIONS

{(with constant energy costs and
constant capital and labor inputs)

ENERGY PRICE GNP CHANGE
TO CONSUMERS, (billions of
INCLUDING Btu TAX 1975 dollars)
6 —t
g E PE {$/10° Btu) GNP
(based on Btu tax)
220 .80 o}
190 3.10 =27
.10 160 11.17 ~-197
110 28.33 =-1220
70 29.85 -2366
220 .80 8]
190 1.60 -11
.20 160 3.49 -59
110 14.49 -405
70 35.32 -1351
220 .80 4]
190 1.28 -7
.30 160 2.18 -33
110 6.56 -187
70 20.04 -630
220 .80 Q
190 1.06 =5
.50 160 1.47 =18
110 2.97 -82
70 6.74 =230
220 .80 0
190 .98 -4
.70 160 1.24 -12
110 2.086 ~52
70 3.79 ~-131

o’
'Energy tax induced change in GNP in the year 2010. Base value at 220
quads is $4400 billions.




where a is the share of payments to capital and 1-a¢ is the share of payments

to labor. This yields a new production function of the form

g
o-1 g-1]¢-1
Y = F(,L,E = |aE® + b(cKaLl_a) g . (19)

Given base values of KO and LO for an assumed a , the natural extensions of
{15) - (17} determine b and ¢ by equating the marginal productivities of

capital and labor with their respective prices.

If ¥ and L are held constant as E varies, this three-~factor model duplicates
the analysis of the previous section. As an alternative assumption, however, it
may be assumed that PK » rather than K , is held constant and the level of
capital input is adjusted as the availability of energy changes. This maintains
the return on capital and is a long-run proxy for the adaptation in eapital that
might be induced by the reduced use of energy. It should represent a lower bound
for the level of capital input and an upper bound for the energy-capital induced

economic impact.

In Table B-5 we present the relevant GNP and energy price estimates assuming

that PK is constant. The value of @« is set at 0.35, L is set at 1, and

the initial input of capital stock is assumed to be 2.5 tim:s the GNP, Figure
B-3 illustrates the same calculations for the alternate capital assumptions,
assuming the elasticity of substitution is 0.3. The reductions in capital input
produce significant reductions in GNP. For O = 0.3 and E = 110 quads, the
reduction in GNP increases from 4% to 11%. The required tax, however, is re-
duced from $5.76 to $4.32. But the gualitative conclusion of the two-factor
analysis is preserved. Reductions in energy availability produce less than
proportional reductions in GNP. The changes in capital can be important, but

the economic impact is most sensitive to the index of flexibility, the elasticity
of substitution.



Table B-5
ECONOMIC IMPACTS OF ENERGY REDUCTIONS

(Production Function Analysis of Btu Tax)
(with constant energy ceosts, constant labor inputs,
and a constant rate of return on capital)

ENERGY PRICE
TO CONSUMERS,
INCLUDING Btu TAX

GNP CHANGE
(billions of
1975 dollars)

G E e, ($/10° Btu) e
{(based on Btu tax)

220 .80 ]

190 2.21 =177

.10 160 5.06 -526
110 12.74 -1471

70 20.43 -2447

220 .80 Q

190 1.47 -88

.20 160 2.80 =251
110 8.21 -844

70 17.59 -~1755

220 .80 0

190 1.22 -60

.30 160 1.99 -155
110 5.12 -496

70 12.49 -1136

220 .80 0

130 1.04 -44

.50 160 1.42 -91
110 2.75 -244

70 5.86 -516

220 .80 o]

190 .97 -43

.70 160 1.21 =77
110 1.98 =170

70 3.56 -31l6

+Energy tax induced change in GNP in the year 2010.
gquads is $4400 billions.

Base value at 220
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Appendix C

CAPITAL-ENERGY COMPLEMENTARITY IN AGGREGATE
ENERGY~-ECONOMIC ANALYSIS

The link betwesen capital and energy is an important component of
the full feedback effect of energy on the economy. The nature
of this link is the subject of debate with conflicting evidence
available in different studies, This issue is discussed here
with a proposed resolution of the debate that leads to the sim-
plified analysis in Appendix B and Volume 1 of this report.
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Appendix C

CAPITAL-ENERGY COMPLEMENTARITY IN
AGGREGATE ENERGY-ECONOMIC ANALYSIS

"We have arrived at the finding that
we human beings do not, on careful
examination, turn out to possess any
one clear-cut notion of complementar-
ity and substitutability."

~--Paul A. Samuelson [1]

INTRCDUCTION

If capital and energy are substitutes, national policies intended to reduce the
demand for energy may increase the demand for new capital investment, creating
a need for higher levels of saving but mitigating the economic impact of the
lowered energy use. If ¢apital and energy are complements, naticnal policies
intended to reduce the demand for energy may reduce the demand for capital,
lessening the pressure on savings but magnifying the economic impacts of the

lowered energy use.

These simple alternatives seem to characterize a straightforward energy policy
analysis issue and a standard problem in economic theory. An empirical or
analytical determination of the nature of the link between capital and energy,
complementarity or substitutability, should establish the gualitative impacts

of future energy policies. The importance of the problem has motivated a number
of empirical studies [2, 3, 4, 5, 6, 7], but the results of these studies and
the discussions they have stimulated indicate that things may not be as simple
as they seem., Conflicting estimates have been reported with capital and energy
appearing as complements in some analyses [e.g., 2] and substitutes in others
[e.g., 4]. 1Instances of capital and energy substitutability come to mind readily,
such as the use of insulation or the introduction of waste heat recovery eguip-
ment, but complementarity between capital and energy seems counterintuitive

when interpreted in the context of specific engineering examples. This leads
frequently to a reluctance to accept models or analyses incorporating comple-

mentarity between capital and energy.



The pursuit of this issue is surprisingly difficult, but there is some comfort
in Samuelson's observation above drawn from his survey of the development of
complementarity in economic demand theory. The confusion is not new nor is

it unique to enerygy applications. The difficulty stems from our usage of terms
like complementarity and substitutability without resolving conflicting defi-
nitions or interpretations. This is recognized for example in Berndt and Wood
[3], where a careful application of concepts is presented to resolve the appar-
ent empirical differences between their earlier complementarity result [2] and
the substitutability finding of Griffin and Gregory [4]. The presentation

in [3] provides additional tests of the robustness of the complementarity result

for U.S. manufacturing and clarifies itsAinterpretation.

Berndt and Wood [3] do not address the extension of their result to an aggre-
gate production function for the full economy. It is the purpose of the present
paper to argue that the natural extension, the measurement of the Allen partial
elasticity of substitution, is inappropriate for the aggregate production func-
tion. This leads to the proposal of an alternative definition of the link be-
tween capital and energy induced by changes in energy policy that captures the
intuitive concept with the correct policy interpretation. The conclusions of
this paper can be summarized as a series of seemingly contradictory statements:

L Capital and energy are substitutes in the intuitive sense
implied by the specific engineering examples.

e Capital and energy may be complements in the sense measured
by the Alien partial elasticity of substitution.

™ The Allen partial elasticity of substitution is not the relevant
parameter for the design of aggregate national policies which
have a pervasive effect on factor prices.

° For aggregate analysis, capital and energy should be viewed
as complements in the sense that higher energy prices or re-
duced energy use will decrease the demand for capital. This
reduced capital input may be the most important component of
the economic impact of any energy restrictions.

THEORETICAL BACKGROUND

The argument in this paper employs the framework of a partial equilibrium anal-
ysis of an aggregate production function. The elegant theory of production
functions and dual cost functions is collected in Diewert [8]. The essential

elements are surmarized here for later use.



The relationship between the inputs Xl,...,xn and the gross output Y of the
economy is assumed to be determined by a production function, F, defined on the

positive orthant to be positive, concave, and homogeneous of degree one, i.e.,
Y = F(X);
F(X} > 0 for X > 0O, (x = (xl,...,an;

FOXT+ 1-0%D) > AFY) & (1-MF %) for Aelo,1];

and
F(aX) = aF(X) for cel0,=].

If Pi is the price of xi and the producer is in competitive equilibrium,
then there exists a corresponding cost function C(Y,P) that determines the
minimum cost of producing output Y in the presence of prices P, i.e.,

|

C(Y,P) = Min ile X >0, F(X) = 1': . (1)

The cost function is positive on the positive orthant, concave, and homogeneous

of degree one in P, and homogeneous of degree one in Y.

If F exhibits strictly convex isoquants (i.e., diminishing marginal rates of

substitution} then the optimal solution to (1) is unique and is represented as
X* = ¥*(Y,P). (2)

This defines the constant output demand as a function of factor prices. With

appropriate differentiability assumptions, Shephard's lemma provides

_ Sc(y,p)

k]
xi(Y,P) 3o . {(3)
1

Interpreting the unit cost C(1,P) as the price of output, P then the anal-

Y'
ogous result applies in terms of the gradient of the production function, equat-

ing prices and marginal productivity,

¥
F, = ——— =P /P, . (4)
i
1



These dual relationships are central to the analysis of the production function
and in the simulation of a partial equilibrium analysis of the economy. The
demand functions (3) are also important in the interpretation of the complemen—
tarity and substitutability concepts. The usual formal definitions of these
terms employ the partial elasticities of substitution as defined in Allen [9].
Uzawa [10] has shown that this Allen partial elasticity of substitution (A.E.S.)

between input factors i and i (i#j), dencted as gij' may be written as

G.. =c(l,p) il (5
i3 c.C,
i’j
where

2

c =8¢ . _d%q,p)

i §p, " Tij &P 8P,

i i3

According to this definition, factor inputs i and j are classified as sub-

stitutes or complements according to whether Oij is positive or negative,

The index Uij has a certain natural appeal in that it is symmetric, Gij =
Uji' but it lends itself to an immediate interpretation when related to the
price elasticity of demand for factors of production. The price elasticity of

demand defined as

ﬁlnxi
= 6
Eij élnPj ()
Normalizing for the scale of output, it follows from {3) that
E,. =s5.0,,, (7}

where Sj is the share of factor payments geing to i,

This price elasticity of demand is not in general symmetric, Eij 7 Eji' but

it has the same sign as the A.E.S. Hence, holding output constant, two input



factors i and j are A.E.S5. complements if an increase in the price of j re-
duces the demand for i or A.E.S. substitutes if an increase in the price of

i increases the demand for i.

This definition seems satisfactory enough and appears to be consistent with the
intuitive notions of complementarity and substitutability. The A.E.S. is the
concept most frequently used and the focus of the major empirical studies cited
above. For n > 2, however, the A.E.S. is not as simple as it appears. The
sign of Uij depends very much on the nature of the production function in terms
of factors other than Xi and xj. Semantic confusion arises because complemen-
tarity is not a generalization of the concept of perfect complements familiar

in two dimensional analysis. More subtle confusions stem from the dependence

of the definition of the A.E.S. on changes in one price holding cutput and all
other factor prices constant. It seems worthwhile to develop further an inter-

pretation of the A.E.S.

INTERPRETING CAPITAL-ENERGY COMPLEMENTARITY

Samuelson [1] documents the historical difficulty of economic theory in produc-
ing an acceptable formal definition of complementarity that preserves intuitive
appeal. This confusion is found in specializations of the concepts to the study
of capital and energy. A review of the empirical debate can be found in Berndt
and Woed [3]. Examples of ambiguous interpretations of A.E.S. complementarity
are present in Sonenblum [11] or Chapman [12]. In fact, the presentation by
Berndt and Wood [3] seems to be a rare but successful attempt to explain the
concepts in a straightforward and self-consistent manner in the context of capi-
tal and energy. We present a similar interpretation here that supplements their
exposition without invoking translcg approximations to the cost function. Con-
venient for empirical implementation, this translog approximation is not essen-

tial to the interpretation of the A.E.S.

The first step is to dispense with one natural source of potential confusion

in the use of the terminology. Figqure C-l recalls the familiar definitions of
perfect complements and perfect substitutes in a production function with two
inputs and one output. If the isoquant for the production function is represented
by a-a, then the two inputs Xl and x2 are often referred to as perfect
complements. If the correct isoquant is b-b, however, the two inputs are then
referred to as perfect substitutes. It is important to recognize that the A.E.S.

definition of complementarity or substitutability is not a natural generalization



Fixed Output

Figure C-1 Traditional Interpretation of Perfect
Complements and Perfect Substitutes



of this common usage. 1In fact when n = 2, the A.E.S. is always nonnegative

and the two goods must be substitutes. For n > 2, it is not in general possi-
ble to determine the sign of the A.E.S. by examining the two dimensional projec-
tion of a single isoquant. Recognizing that the A.E.S. refers to a different
property of the production function goes a long way toward dispelling the counter=-

intuitive aura of A.E.S. complementarity.

To see the correct interpretation of the A.E.S., at least a three factor produc-
tion function is necessary and this presents the opportunity to begin the special-
ization to the discussion of capital and energy. For simplicity, the aggregate
production function for the economy is represented in terms of three inputs:

capital, labor, and energy, Y = F(K,L,E).?

The assumption that F displays diminishing marginal rates of substitution or
has strictly convex isogquants implies that the projections of the isoquants are
also strictly convex. This is illustrated in Figure C-2 where the three possi-
ble pairs of isoquants are depicted holding output and the input of the third
factor constant. Hence, in Figure C-2a if cutput and labor input are held con-
stant, the locus of all pairs of capital and energy that are possible describes
a standard iscquant familiar from the traditional two dimensional example. When
output and labor inputs are held constant, capital and energy are seen to be
substitutes. This follows directly from the concavity assumptions for the pro-
duction function. The analegous results in Figures C-2b and C-2c hold for capi-
tal and labor or labor and energy. Taken two at a time, the factors always are

substitutes on any isoquant.

This two dimensional substitution seems consistent with the engineering examples
of insulation or waste heat recovery. To maintain the same level of output in
any productive process, holding the inputs of other facters constant, it follows
immediately that capital and energy are substitutes. There is no conflict here
with engineering intuition. The economic assumptions underlying the aggregate

preduction function conform with the natural intuition about the physical process.

This gualitative characteristic of the production function tells us nothing about

the degree of substitution between any two factors. It may be that capital and

"Berndt and Wood represent Y = F{K,L,E,M} for the manufacturing sector. Which
of these is a preferred approximation for the aggregate producticn function is
an empirical guestion. The conceptual discussion applies equally to both.
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Figure C-2 Two Factor Isoquants Implied by Concave




energy are relatively weak substitutes but energy and labor are very strong sub-
stitutes, It is this notion, the degree of relative substitution, that is the
key to the interpretation of the A.E.S. Consider, for example, the situation
in Figure C-3a, which shows the isoquants for the production function with in-

puts Kl' L and El producing output Y, The slope of the isoquant at this

ll
point ig —PE/PK. How suppose that the price of energy increases slightly,
shifting the slope from line A to line B. The movement along the isoquant

¥, L, would increase the demand for capital to K and decrease the demand

2
But the rise in the price of energy alsc causes some shift

1
for energy to Ez.

in the demand for labor--say to level L This causes a shift in the projec-

g
tion of the capital energy isoquant to the dashed line Y, LZ' The cost slope
parallel to line B is now line C, tangent to the new isoguant at the point

K3, E3. This is the final equilibrium point. The energy demand has decreased

in the two steps and the movement between isoquants has reduced the demand for
capital. In this case the reduction compensates for the increase in capital
that occurred while substituting away from energy along the original isoquant.’
Hence, the final demand for capital is reduced as a result of an increase in
the price of energy. This implies a negative cross price elasticity EKE < 0.
It follows from the definitions that the A.E.S. between capital and energy is
negative. Capital and energy are A.E.S. complements in Figure C-3a. The oppo-
site situation is depicted in Figure C-3b, where the shift between isoquants
reduces capital demand, but not enocugh to compensate for the substitution between
capital and energy. In this case the elasticity of demand for capital with re-
spect to the price of energy is positive and.the A.E.S. between capital and

energy is positive. Capital and energy are A.E.S5. substitutes in Figure C-3b.

It is clear from these examples that the A.E.S5. is a measure of the relative
substitution between two factors compared with the substitution effects of other
input factors. If the substitution between capital and energy is large compared
to the substitution between their composite and labor, then capital and energy
are seen as A.E.S. substitutes. When the substitution between capital and en-
ergy is relatively small compared to the substitution of their composite with
labor, then capital and energy are seen as A.E.S. complements. Berndt and Wood
[3] have given these two relative components of the total elasticity the names

gross substitution effect and scale effect. A movement along the isoguant with

higher energy prices is the gross substitution effect with capital always sub-
stituting for energy. The movement between isoguants, the scale effect, further

reduces the demand for energy and reduces the demand for capital. If this scale
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Figure C-3 Illustration of A.E.S. Complementarity (a) and
Substitutakility (b) for Capital and Energy




effect is larger than the gross substitution effect for capital, then capital
and energy are net complements or A.E.S. complements. If the scale effect is
less than the gross substitution effect, then capital and energy are net substi-
tutes or A.E.S. substitutes. Berndt and Wood [3] present these examples using
& translog approximation to a hierarchical version of their production'function.
As we have seen, this specialization is not required for the conceptual inter-
pretation. However, it does permit a derivation of formulas for the scale and
gross substitution effects that can be tested empirically. Berndt and Wood es~
timate these parameters and conclude that, for capital and energy in their
production function for total U.S. manufacturing, the scale effect dominates

the gross substitution effect and capital and energy are A.E.S. complements.

This result can be made intuitively appealing in the context of the aggregate
F({(K,L,E} production function by imposing what appears to be a restrictive assump-
tion on the form of the relationship. Suppose that the production function is

a hierarchical function of the form F(X,L,E) = G{H{K,E),L). Here it is assumed
that both G and H are constant elasticity of substitution production func-
tions. It follows that K and E are substitutes in H with H and L being
substitutes in G. This would seem to be so restrictive as to guarantee substi-
tution between K and E in ¥. It is curious to note, however, that K and
E can be A.E.S. complements in F. The A.E.S. between capital and energy,

UKE , 1s shown by Sato [13] to be

1
= + — -
GICE CTG SH (UH GG) ’

where UH and OG are the elasticities of substitution in the C.E.S. functions

H and G respectively, and sH is the value share of H in &. The first
term can be interpreted as the substitution effect and the second term as the

scale effect. Hence, after rearranging terms if G 2_GH/(1-SH), then the

G
capital and energy are A.E.S. complements in F.

A stylized version of the values of the parameters might have G as a Cobb-
Douglas function, cJG = 1, with the share going to H equal to 0.26. Hence,
if the elasticity of substitution between capital and energy in H is less than
©.74, then capital and energy are A.E.S. complements in F. Now the marginal

productivity relationship for this specification of F vyields



Y
= + -] + -
In E C UH ln(H) In H g

1 in (PE/Py) .

H

Ignoring the effects of energy on H and Y, therefore, -UH is the'partial
own price elasticity of energy demand. Although the feedback effects on H and
¥ make this interpretation less than precise, it would seem more likely that
GH < .74 in light of the conventicnal wisdom about the own price elasticity of

the aggregate demand for primary energy [14].

This restrictive functional form is not recommended for empirical investigation.

The argument is sufficient, however, to establish the first two propositions pre-

sented in the introduction.

The assumption of concavity of F implies that capital and energy are substitutes
when viewed in isolation from the rest of the inputs to the productive process.
Capital and energy isoguants exhibit the normal substitution relationship consis-
tent with the intuition produced by the engineering examples. And this finding
of substitution in the engineering sense is not in conflict with the possibility
of a determination that capital and energy are A.E.S. complements in the context
of the aggregate production function. This is essentially an empirical question.
There seems to be nothing counterintuitive about A.E.S. complementarity. In
fact, a plausible case for capital and erergy complementarity can be constructed
within the context of a seemingly restrictive hierarchical production function
which imposes substitution at each level in the hierarchy. From this perspective
the possibility of A.E.S. complementarity between capital and energy seems ap-
pealing, even likely. In the next section this possibility is examined further
leading to a different question: Is A.E.S. complementarity between capital and

energy important?

RELEVANCE OF A.E.S.

The previous section supports the conceptual possibility of A.E.S. complementar-
ity between capital and energy. A determination that capital and energy are
A.E.S. complements would seem to have immediate implications for national energy
policy. For example, Berndt and wWood [3] are concerned with the likely energy
demand impacts of a general investment tax credit and conclude that such a stim-
ulation of investment would increase energy demand. In a similar vein, the

economic effects of a reduction in the use of energy via higher energy prices




are sensitive to the changes in capital investment induced by the higher energy

costs. This economic impact is the main concern of the present discussion. The

importance of the link between capital and energy in this regard can be demonstra-

ted within an elementary framework.

The approach follows that of Hegan and Manne [15]. The output of nonenergy goods

in the economy (Y) is assumed to be determined by the inputs of capital (X),

labor (L), and energy (E) to the production function (F),
Y = P(K,L,E}, (8)

where F is a positive, differentiable, concave function exhibiting constant
returns to scale and diminishing marginal rates of substitution. This notion
carries implicit assumptions about the accounting conventions for the production
and use of energy and nonenergy goods. Energy is treated as an intermediate
product contributing to the ultimate production of goods and services for final
demand. This might be the case if the consumer is viewed as demanding the ser-
vices of energy, rather than the energy per se, and if all the products and ser-
vices of the nonenerqgy sector can be aggregated into a single output index, Y.
This output is measured in the same units as the GNP. The standard identities

equating the value of input and cutput yield

GNP = P X + P L.
Py K L (10)

The interindustry transactions for this accounting convention are displayed in

Table C-1.

Assuming a competitive solution, at any given level of output there must be

equality between the price of inputs and their marginal productivities, i.e.,

&F
P STk = PPy
FL = FL = PL/PY . {11}
and
_38F _
Fe =5z = Fe/fy-

Cc~13



Table C~1

INTERINDUSTRY TRANSACTION FLOWS
IMPLICIT IN F(K,L,E) ACCOUNTING

TO ENERGY NONENERGY FINAL DEMAND
FROM
ENERGY o] PEE 0
NONENERGY PEE 0 GNP
CAPITAL o PKK
LABOR o PLL

c-14




Finally, the unit cost function dual to (8) gives

p_= C{l,PK,P

v ,PE). {(12)

L

For any specific form for the production function in (8), this simple partial
equilibrium model can be solved for the changes in GNP that are produced by
changes in energy use given the related changes in other input factors {[15].

The full solution is not necessary, however, to demonstrate the importance of the

link between capital and energy. From (11} it follows that

FX PKX
—_ = .= g (13)
K
Y P Y
P_E
_F.:...E-E = ......g:.... =g R (l4)
¥ PY E

where Sy and SE are the value shares of capital and energy respectively.

The left-hand side of (13) and (14) also are the elasticities of output with re-
spect to the inputs of capital and energy. Adapting to our accounting system
the data from Denison [16] for capital and labor shares of GNP and the Bureau

of Mines [17] for energy expenditures, we have approximate values of Sy = .22
and Sp < .04 prior to 1960. Changes in capital, therefore, have a greater im-

pact on the gross output than do changes in energy alone.

A reduction in the use of energy by itself will have a relatively small economic
impact, determined to first order by energy's small value share. But if the re-
duced use of energy also produces a reduction in the use of capital, the larger
value share of capital applies and the economic impact is magnified. This indi-
rect effect through capital can be the largest component of the economic impact
of reduced energy use, e.g., see [15] and {14}, but this effect is often ignored
in economic impact analyses of energy policy., e.g., {181.+ A common appreoach

used to sidestep the difficulty is to assume the existence of compensating policy

The published results of Hudson and Jorgenson [5] display slight increases in
aggregate capital services for small increases in the price of energy through
1980. However, Jorgenson has indicated privately that more recent executions
of a later version of the model produce significant reducticns in the capital
services that cause the major component of the reduction in GNP.



K or serendipitous supply behavior that maintains the capital input. But what if
such assumptions do not hold? How does a change in energy use affect the use of

capital?

From the policy perspective, the final answers to these questions must be found

i
SDELE s me e TR

in the new eguilibrium solution for the full econemy. A reduction in energy use

iy

will reduce output and change both the ability and willingness to save. At the

FidL

same time, the reduced use of energy will change the demands for capital as an

i x input te the productive process. Even more indirect effects through changes in
labor may occur as the system evolves over time. To be complete, an analysis of

the link between capital and energy should include the supply and demand effects

contained in a general equilibrium system,

This requires the construction and use of a complete growth model with specific
energy sectors, as in {5, 6, 19, 20, 21]. Correct in principle, this approach
can be complicated to implement and, by itself, difficult to interpret. There
is a natural interest in a transparent aggregation that tracks and explains the

full equilibrium result.

A number of approaches are available for a simple partial equilibrium model. The
choice of inputs {K,L,E) in (8) determines output Y and the prices in (11). By
duality relationships between production and cost functions, the prices and ocut-
put levels could be specified to determine the demand for input factors. Alter-
native approaches to the sclution can be taken by specifying appropriate combina-
tions of prices and outputs and solving (8) - (12) for the remaining variables.

A reduced input of energy implies a higher marginal productivity and, therefore,
by (1l1) a higher equilibrium price. The effect on capital of reduced energy use,
therefore, might be determined through an investigation of the change in capital
demand induced by a change in energy price, i.e., the elasticity of capital demand

with respect to energy price.

This approach through prices seems natural, particularly when the production func-
tion is interpreted in the context of a single firm. The firm is a price taker
adjusting its demand for inputs in response to changes in the factor prices. A
change in the price of energy for a single firm should not affect the price of

other inputs. If demand for the firm's ocutput is inelastic, the partial equilibrium
result will approximate the general equilibrium solution. Factor demand response

to an energy price change, therefore, can be measured along a given isoguant with




other factor prices held constant. This is the constant output price elasticity
and, as discussed above, the sign of the response is revealed by the A.E.S. For a
single firm, therefore, the A.E.S. is an appropriate and simple measure of the

link between capital and energy.

The single firm may observe a change in the price of energy without seeing related
changes in the prices of other input factors. The increase in energy prices does
increase PY , the price of output for the firm, but this small change for one
firm should not affect prices in the full economy. It is reasonable to presume
that the real prices of capital and labor remain constant in terms of the goods and
services they represent. For a single firm, the suppliers of capital and labor
should be willing to provide any level of input at the constant real price, The
assumptions implicit in the definition of A.E.S. should be satisfied for a single
firm. The aggregation to the full economy, however, alters this situation. At
the level of the aggregate production function there is no distinction hetween

PY and the price of output for the full economy. If the energy price increases
for the entire econcmy, then PY increases and the amount of goods and services
that can be obtained for PK and PL declines. Maintaining constant PK and

PL in the presence of an aggregate increase in the price of energy implies a
decline in the real price of capital and labor. Certainly this change will affect
the aggregate supply of factors as well as the demand. In particular, the
assumption of a perfectly elastic supply of labor is no longer applicable. The
A.E.S. test, therefore, loses appeal as the proxy for the general equilibrium
result when the analysis moves beyond the case of a single firm. Some extension

is needed to deal with the aggregate production function. The adaptation suggested

in the next section consists of a change in the question presented to the model.

A TEST FOR AGGREGATE CAPITAL AND ENERGY

In most long run economic growth models, the supply of labor is excgenous, or at
least very inelastic [22, 5, 6, 19, 21]). This seems appropriate in the aggregate
analysis, unlike the case for the single firm, and is adopted here. If the supply
of labor is fixed, then a change in the use of energy and capital must change the

equilibrium price of labor in real terms.

A similar situation exists for capital inputs. Changes in energy input will change
the marginal productivity of capital and may affect over time the willingness of
the economy to save and invest. The choice of an approximation for this equilib-

rium behavior of capital supply and demand is problematical. Three alternatives



suggest themselves as convenient simplifications: perfectly inelastic capital
supply, a constant savings rate, and perfectly elastic capital supply. The assump-
tion of a perfectly inelastic supply seems implausible without some compensating
fiscal policy. 1In any event it makes the investigation of the link between capi-
tal and energy moot and, therefore, is not pursued here. An assumption of a con-
stant savings rate would imply a compleméntary relationship between capital and
energy but a very weak one with little aggregate effect on the equilibrium solu~
tion.+ This is inconsistent with the argument above that the link between capital
and energy may be the most important component of energy scarcity. The most
plausible approximation, therefore, is continuation of the assumption implieit

in the analysis of the individual firm, a perfectly elastic supply of capital at
the equilibrium price of capital. But now the real price of capital is inter-
preted as PK/PY rather than PK . With this assumptiiz, capital inputs adjust
to maintain FK . the marginal productivity of capita.]..'I A change in the use

of energy will change the use of capital and, with a fixed supply of labor, pro-

duce changes in the real energy price, the real labor price, and the gross output.

This partial equilibrium simulation of (8) - (12) is proposed as the approximation
to the general equilibrium solution. It is intended to provide a policy relevant

definition of the link between capital and energy applicable to the aggregate

In terms of elasticities, the total change in output induced by a change in

~

enerqgy, n , must satisfy
Y,E
= + +
"w,g T Tv,x "x,eup Tewe,e T "v,r Tne T My,

By assumption, nL,E f G . With a fixed savings rate, nK,GNP =1 . It is
clear that ”GNP,E < nY,E Therefore, under these conditions,

< + . = = . H
Ny,e XM,k Ny,e ¥ Mye - BUE My g T % @04 Ny p T Sg ence,
nY g < SE/(1~SK) , very close to the situation when there is no link between
capital and energy for which ﬁ =5 .

Y,E £
+t

The use of a constant F, across alternative paths of the equilibrium economy
is an ad hoc procedure. It may be motivated as in Burmeister and Dobell [22,
PE. 38-43}, who discuss the case of monetary forces outside the mcodel maintain-
ing the real rate of interest to produce a constant Fg , although this presents
some difficulties with their simple savings functions. If the long run equilib-
rium growth paths are also balanced growth paths in an optimal economic growth
setting, then the assumption of a constant Fg applies. (See Appendix.) Ulti-
mately, of course, this simplification and the resulting test depend upon their
faithfulness as an approximation for the general equilibrium solution.




production function much as the A.E.S. applies to the analysis for an individual
firm. If capital demand moves in the same (opposite) direction as the energy
input in this simulation, then capital and energy are defined to be aggregate

. t
complements (substitutes).

It is an unfortunate circumstance of terminology that the nature of the link
between capital and energy in the sense suggested here is determined by the sign
of the partial elasticity of complementarity as found in Sato and Koizumi [23,24],
reinforcing the semantic confusion. To mitigate these problems, it is bhetter to
follow Samuelson's [25] insight and investigate aggregate complementarity (sub-
stitutability) in terms of the second derivatives of the production functiocn,

Fij . The simulation of the model for this test can be performed in two stages as
shown in Figure C-4. First, reduce the energy input to some new lower level,

say from El to E2 . Second, adjust the capital input to maintain the real

price of capital PK/PY or, equivalently, the marginal productivity, F

-

X
. R : 2 2

By the concavity assumptions, it follows that & F/dK = Feg © 0 . If the neces-
-
reduction in energy increased FK , implying that FKE < 0 . If the necessary

sary adjustment of capital is an increase to K then it must be that the
adjustment of capital is a decrease to K; , then it must be that the reduction
in energy decreased FK , implying that FKE >0 .

The operational test of the definition of the link between capital and energy,
therefore, reduces to the determination of FKE with positive values implying
that reduced capital accompanies reduced energy (aggregate complementarity} and
negative values implying that increased capital follows reduced energy {aggre-

gate substitutability).

What is the value of FKE for the American econemy? This is an empirical issue
but we might gain some insight by investigating altermative a priori specifica-
tions of (8). Consider the case of a hierarchical production function where

capital and labor combine in a Cobb-Douglas function which in turn combines with

energy in a C.E.S. productien function, e.g.,

The use of the terms complementarity and substitutability in this new sense seems
as dangerous as it is attractive, Note that the definition requires the third
input, labor, to absorb the reduction in real ocutput. The specialization to the
case with only two inputs seems vacuous. The extension to more than three inputs
requires increasingly heroic assumptions about the adequacy of the approximation
to the general equilibrium solution. There has been no attempt to make the test
symmetric for policy changes imposed on capital rather than energy.
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Figure C~4 Capital Adjustments to Energy Reductions to Maintain
Constant Rate of Return with Final Labor Input
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F(K,L,E) = G{H(K,L),E}, (15)

with
g/ (c-1)
G(H,E) = [aH{O D70 pet° 1’/0] ,
HK,L) = ek L%,
and
(c >0; 0 #1, ° 0e(0,1); a,b,c > 0).
Sato [13)] gives the A.E.S. between capital and energy in this case as =g >0.

KE
Hence, capital and energy are A.E.S. substitutes. Direct differentiation of

(15) yields
2
F =9-"a—b—*1(6—) , (16)

and, therefore, FKE > 0. In the simulation test of the aggregate production
function, therefore, a reduction in energy always produces a reduction in capi-
tal, aggregate complementarity, despite the fact that capital and energy are

always A.E.S. substitutes.

To introduce the possibility of A.E.S. complementarity between capital and energy,

an alternative hierarchical specification might be

F(X,L,E) = H(G(X,E),L), {(17)
with
H{G,L) = oG Ll-a,
_ . g9/ (0-1)
G(K,E) = [axw v/ el l’/g] .
and

(0 >0; 0 #1, » a&(0,1}; a,b,c > 0},
From Satc [13] again, the A.E.S5. between capital and energy is now

1
o] = 1 + = (g~ N
3 (z )



Hence, if g < l-a , then capital and energy are A.E.S. complements. If g > l-g ,

then capital and energy are A.E.S. substitutes. Differentiate (17) to obtain

P o= (a-1 + 3 M(Efl/g- . (18)
kg - ‘@ o 2 'EK
G
Therefore, FKE >0 if
1
<——_.
O <1y ¢
but FKE < Q0 if
1
> ==
9 1-a

For this specification of the production function, a finding of A.E.S. comple-
mentarity is sufficient but not hecessary for aggregate complementarity. Further,
only when capital and energy are very strong substitutes does aggregate substi-

tutability occur. For example, if

1

D —
7 l-o0

then
a =1 + i(d-l)

KE o
N 2-¢ ,

1-o

where 0 is the share of payments to capital and energy. The shares in the
Berndt and Woad {2] results for U.S. manufacturing, normalized for the F(X,L,E)
formulation, have o = .26 , implying a OKE > 2.36 , far from their empirical
finding of GKE <0 . For ghe F{K,L,E) formulation of Griffin and Gregory

[4] with QECD data, Berndt and Wood [3] report o = .46 , implying a GKE > 2.85 .
This compares poorly with the Griffin and Gregory estimate of CKE = 1,00 .

If (L7) is accepted as a reasonable approximation to the more flexible translcg
forms used in these empirical studies, and if the results for the manufacturing
sector extend to the full economy, then we must conclude that o < I%E and FKE> Q.
These alternative examples for the production function illustrate the importance
of the role of substitution with respect to the third input, labor, as well as
indicating that we are unlikely to find FKE <0 . It cannot occur in (15) and

occurs in (17) only for large values of g .

This completes the arguments for the third and fourth propositions presented in

the introduction. For the aggregate production function, the A.E.S. test is not




relevant. The conditions of the A.E.S. interpretation cannot be met in the simu-
lation of the aggregate production functieon. An alternative definition and test
for the link between capital and energy are needed. The proposal here is moti-
vated by an effort to obtain a simple partial equilibrium analysis as an approxi-
mation to the correct general equilibrium solution in the presence of restricted
energy availability. For this proposed test, the link between capital and energy
is determined by FKE with the probable value for the United States satisfying
FKE > 0 . Hence, for the proposed definition of the link between capital and

energy it is likely that reduced utilization of energy implies a reduced demand

for capital in the aggregate production function. Energy and capital can be

viewed in this sense as aggregate complements,

CONCLUSION

This paper seeks to clarify some conceptual issues regarding the nature of the
link between capitai and energy and implications for energy pelicy. It is demon-
strated that the empirical findings of A.E.S. complementarity are not in cenflict
with the engineering examples of capital-energy substitution. The finding of
A.E.S5. complementarity is shown to be quite plausible and should not be an

a priori reason for dismissing any economic model or policy analysis. But the
importance of the A.E.S5., positive or negative, is disputed. The conditions
assumed for the interpretation of the A.E.S. cannot hold in an applicatieon to

the aggregate economy. The policy relevant definition of the link between capital
and energy should be the changes in the general equilibrium sclution for capital
induced by change in energy availability. If the assumptions of constant real
returns on capital and exogenous labor supply are good approximations across the
general equilibrium growth paths, then the link between capital and energy 1is
determined entirely by the technology of the aggregate production function.
Although empirical verification is necessary, it is argued that the likely link
between capital and energy is one of aggregate complementarity. Restrictions

on aggregate energy use should induce reductions in the demand for capital and,
therefore, exacerbate the economic impacts of the energy pelicy. The corresponding

effects on energy induced by changes in capital availability have not been

addressed.



Appendix

CONSTANT RETURNS TO CAPITAL
IN QPTIMAL GROWTH MODELS

The key assumption in the proposed definition of the link between capital and
energy is that the equilibrium FK remains constant across energy scenarios.

The adequacy of this approximation remains as an empirical question for descrip-
tive growth models. For optimal growth models, as in [20], the assumption can
be investigated analytically. This can provide insight for the optimizing models
and may generalize to descriptive models which include optimizing behavioral
assumptions. The approach here is a standard application of optimal control
theory [26]. Suppose there is a well defined cost function for the energy sec-
tor, M, measuring the real rescurces consumed in the production of energy level
E. This could be a very general cost function tracking a complicated energy
system. Here the cost is assumed to be dependent on the rate of production,
cumulative energy production, @, and possibly time, M{(Q,E,t}. Then the opti-
mal growth problem might be formulated as

LR—
Max S e £ u{C-g}) dt {19}
C,E O
¥ = F{K,L,E,t) - C - M{Q,E,t} - SK
Q=E
K(0) = KO
Q{0) = QO




where

u: utility function over consumption

F: the aggregate production function, indexed
over time to account for technological change

M: energy cost function

C: consumption

r: discount rate for utility

§: replacement rate for capital
K: capital stock

L: labor input (exogenous)

E: energy production

Q: cumulative energy production

g: an exogenous function of time (e.g., g = 1/L).
All functions are assumed to be continuously differentiable.
The Hamiltonian for this optimal control problem is
H=e % u(Cg) + A\(F(K,L,E,t) - C - M(Q,E,t) ~ 6K) + OE. (20)

Now, over the optimal trajectory,

% = e "F u(Cg) g~ A =0 (21)
and
-‘g—ga AE, - §) = AL (22)

The time derivative of (22) yields
—re” " ur(cg) g+ e fF u“(Cg)(ég +Cg) g+ e TP utcg) g - A =0, (23)

The combination of (21}, (22) and (23) gives

. - C,.8)_8
FK 8§+ r ~ g(Cg) (C + g) 2 (24)



where a{Cg) = ET%gg% Cg, the elasticity of marginal utility.

The assumption of constant FK across energy scenarios is equivalent to constant
FK across different M in (19). It follows f£yem {24}, therefore, that the
assumption holds if and only if 0(Cg) g-

energy scenarios. This could occur, for example, if

+ g is constant across different

® the utility, wu, 1is linear in its argument, in which case

g({Cg} = 0; or

o the utility is iscelastic, &{Cg) = ¢, and the optimal growth
path is a balanced growth path, i.e., g—= % + % . where Z is

an index of labor augmenting technology change., Since 2 and L
are exogenous and, therefore, constant across different realiza-
tions of M, the rate of growth of consumption and, therefore,

F are constant across realizations of M. ©Of course, F may

K K
change over time but this does not affect our assumption.

The existence of a balanced growth path in optimal growth models is a familiar
topic and a condition that intuitively seems appealing for simulations across
different energy scenarios. Without drastic changes in €, there is little
violence to the model in the use of an iscelastic utility function. It seems
plausible, therefore, to conjecture that a constant FK across energy SCenarios
is a good approximation to the equilibrium condition in an optimal growth model,
assuming the approximation is applied for a time far enough in the future to
eliminate the dominant effects of initial conditions. In this case, the analy-
sis of the model for a given energy scenario reduces to a partial equilibrium

problem determined entirely by the characteristics of F.
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Appendix D

COMPARISON OF MODELS OF ENERGY AND THE ECONOMY

The six models addressed in the EMF study employ a diversity
of methodologies and model detail. These models can be
compared in many settings. For the purposes of the EMF study,
examining the link between the energy sector and the remainder
of the economy, the framework described here classifies the
most important assumptions by expleoiting the common accounting

structure embedded in all six models.
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Appendix D
COMPARISON OF MODELS OF ENERGY AND THE ECONOMY

INTRODUCTION

The Energy Modeling Forum seeks to improve the usefulness of formal models as

aids for decision making by clarifying and communicating the capabilities of
existing models. This investigation is pursued primarily through the evaluation
of comparative tests of the models. These tests are constructed to explore and
illuminate the basic structure of the participating models. This same structure
can be explored through the independent review of the component model equations.
The investigation of the equation structure is as basic to any systematic analysis

as the review of model performance.

Varying degrees of documentation are available for the participating EMF models
and these individual model descriptions are included as a separate part of the
report. But the diversity of style and detail presents a challenge if the general
character of the models is to be understood. Some simplified presentation,

highlighting the key similarities and differences, is needed.

The models represented in the EMF working group address many issues beside the
linkage between the energy sector and the remainder of the economy. Further, the
conceptual orientations of the models differ and different components of the
problem are emphasized. This diversity is valuable for our present study and is
essential for the extension of the models to wider studies. When concentrating

on the energy-economic feedback, however, a common structure of the models emerges.
At the cost of ignoring some important individual model details, this common
framework provides a background for designing and interpreting the comparative
model tests. The purpose here is to develop this common framework and sketch the

participating models in this context.

GENERAL STRUCTURE

The general framework derives from the familiar economic view of the circular

flow of products and rescurces (Figure D-1). The many choices in this economy
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are divided into the decisions made by two representative groups, the producers

and the consumers.

The producers utilize the resources of the economy (e.g., capital, labor, and ener-
gy) to make products (e.g., gasoline and food). These products can bé clasgified
as energy and nonenergy products, each of which is provided directly for consumers
or utilized in other production processes. The consumers in turn provide the eco-
nomic resources to the producers and demand their products. The demands of con-
sumers may be for energy or nonenergy products and there is an interaction between

these components.

These dual relationships, the supply and the demand for resources and products,
must be appropriately balanced. Each model has some implicit or explicit mechan-
isms for achieving this balance, and some of the most fundamental model differences
can be found in the alternate descriptions of these interfaces. Once obtained,

the balanced flow of resources and products is the primary measure of economic

activity that can be compared to the level of energy utilization.

For the present discussion, certain features of the producers, consumers, and

balancing mechanisms become prominent. These are the modeling characteristics

which seem most relevant in explaining the different approaches to the modeling

of the energy-economic feedback.

Producers

The medels uniformly organize the production sector accounting through the use
of an interindustry input-output structure. A major source of the demand for
energy is the link in the production process where energy is an intermediate

good used in the manufacture of other products. But the models differ in several
features in the design of the input~output structure and the treatment of energy,
These features are the level of aggregation, the degree of substitution, the

representation of dynamics, and the incorporation of trends.

Aggregation. All the models distinguish between energy and nonenergy products,
but the level of further disaggregation varies from none to a separate represen-
tation and accounting for more than 50 industrial groupings. Designed for dif-
ferent purposes, these varying levels of aggregation may provide some insight
regarding the aggregate effects of possible changes in the composition of indus-

trial output.



Substitution. A key element in the measurement of the feedback from the energy
.sector to the economy is the assessment of the flexibility of energy utilization
in the production system of the economy. This flexibility can be broadly classi-

fied into two components: interfuel substitution and factor substitution.

Inclusion of the interfuel substitution permits examination of those interactions
where a conversion from one form of energy to another is important. O©On the other
hand, the inclusion of factor substitution permits construction of scenarios
depicting switches from energy to other factors of production (labor, capital,

and intermediate goods and services).

The manner in which any of these two broad categories of substitutions is incor-

porated in the model also provides yet another source of model differences. Some

substitution characteristics are implicit in the choice of the level of aggre-
gation. Across the components of an aggregate, these implicit substitutions may
assume either perfect substitutability or perfect complementarity. For example,

in a medel containing the aggregate "oil and gas", it is possible to assume

either that "oil and gas" can meet any demand for either oil or gas (perfect
substitutability} or that "oil and gas" can meet known fixed proportions of demands
for oil and gas {perfect complementarity}. The actual result may vary with dif-
ferent uses of the same model and may depend on how aggregate guantities are
treated when exogenous changes are made. In a complex model where thera are
different levels of aggregation in different parts of the model, it is important

to define the rules of disaggregation. This is seldom done.

The area where great care usually is taken is in describing the explicit substi-
tutions across fuels or factors in the input-output structure. There are three

prominent approaches: use of fixed coefficients (assumption of perfect comple-

mentarity}, use of behavioral relations based on econometric analysis of histor-

ical data (econometric representation), and use of engineering descriptions of

alternative process technologies (engineering representation). The possibilities

for flexibility in the input-output ccefficients are an important cemponent of
any flexibility in the energy-economy feedback and the source of some of the

major differences in the model conceptiong and implementations.

Dynamics. All the systems deal with the evolving economy in a dynamic framework,
but the underlying dynamic structures differ among the models. Two attributes

may be used to describe the differences across models: interaction of variables




and speed of adjustment. The interaction of variables may be myopic, with
current decisions determined entirely by current parameter values, or clairvoyant,
with current decisions determined simultanecusly by all parameter values. The
dynamics of a model might permit instantanecus adjustment in variables resulting
from exogenous shocks, or the adjustment may be gradual. 1In all the models, the
key variable that forces some gradual adjustment is the stock of capital goods

carried from one periocd to the next.

Trends. All of the models deal with some important exogenous parameters and
structural changes through the application of simple trends. In this context,

it is possible to define a standard set of variables that determines the long run
growth of output in absence of any bottlenecks. This standard set consists of

time profiles of population, labor force, and labor productivity.

consumers

The models are less uniform in the accounting structure for final demand, bhut a
similar set of characteristics provides a framework for describing the consuming

sectors.

- Aggregation. The level of product aggregation in each model consuming sector
generally matches the corresponding level of aggregation in the production
sector. However, these components of final demand are separated further into
different types of consumption activities, investment groupings, classes of
government expenditures, and types of net exports. Further, in some models the
demands are estimated directly and in others they are derived from more funda-
mental end use requirements. As in the production sector, the level of detail
here may permit examination of the effects of changes in the composition of

final demand.

Substitution. A set of substitution characteristics parallel to those defined
for producers is found in the structure of final demand. Thus, it is possible
to broadly classify the total substitution into two components: interfuel

substitution and factor substituticon. Also, these substitutions are implicit

in the level of aggregation of final demand as well as explicit and modeled

through assumption of perfect complementarity, an econometric representation,

or an engineering representation.




Dynamics. Classification of the dynamic behavior in the models parallels the
¢lassification for the producing sector. Thus, one locks for either myopic or

clairvovant interaction of variables, and instantaneous or gradual adjustment in

the profiles of demands for goods and services brought about by changes in their
relative scarcities or prices.

Trends. Whether due to government regulation, evolving tastes, or other unspeci=-
fied factors, all the models recognize the existence of important demand changes
that are essentially exogenous to the model structure. For example, the basic
MRG assumptions include an eventual 10% reduction in energy demand through non-
price-induced conservatiocn, possibly as the result of standards being imposed by
the government. Thus, it is possible to define a standard set of exogenous
trends in specification of time profiles of exogenous government expenditures

and exports, and non-price-induced conservation of energy demand.

Balancing Mechanism

The structure of the models' view of the balance between supply and demand is a
source of major difference in the systems. All of the models preserve a physical
balance in terms of the real flows of products and resources and, for models

with explicit markets, a balance of monetary flows is maintained. However, the
behavicral balance of the systems is a source of model diversity, of which the
most important features can be described in terms of the model objective and

treatment of dynamics.

Objective. The models are either positive or normative.

® Positive models postulate the existence of certain behavior on the
part of consumers (e.g., maximizing utility) and the producers
(e.g., maximizing profits) and assume that these sectors communi-
cate through competitive markets. The primary focus of information
exchange in the markets is the distribution of relative prices of
the products and resources. For given prices, the behavieral
assumptions plus a balancing of incomes yield the correspeonding
supplies and demands for resources and products. For the positive
models, balance is achieved when these quantities and prices are
equal. The system is then said to be in a market equilibrium.

] Normative models here start from the same technclogical descrip-
tion of preduction and consumption possikilities, but assume
that the producing and consuming sectors operate cooperatively
to maximize some joint criterion function. The system is in
balance when the physical f£lows match and the production-
consumption activities are at levels which maximize the cri-
terion function over the feasible values.




Dynamics. The dynamics of the balancing mechanism cannot be viewed independently.
Rather, its nature depends upcn the treatment of the dynamics of production and
consumption in a particular model. If the implementation of the dynamics of
production and consumption is myopic, then the determination of the market equi-
librium also is myopic. The positive medels participating in the EMF study have
followed this approach. However, such myopic characterization is not essential.
It is possible to define a market equilibrium in the presence of perfect fore-

sight, and thus have a clairvoyant implementation of the market equilibrium.

The only normative model in the EMF study (PILOT) optimizes the system simuita-
necusly over the full pericd of study. It is clairvoyant. Hence, the decisions
in any period affect and are affected by the decisions in every other pericd.
The model anticipates future resource scarcity and adjusts current consumption
and production activities to achieve the total system balance and maximize the

overall criterion function.

MODEL COMPARISON

The application of the general framework permits a simple characterization of
the main features of the alternate models. This section summarizes these model

features for each system.

Hudson-Jorgenson Model [1, 2]

Producers:

Aggregation. The production sector utilizes a nine sector input-output
accounting framework with five energy sectors and four nonenergy sectors.
Capital and labor are treated as homogeneous quantities along with

energy and materials in a production function for each sector. The
aggragate energy and material inputs for each sector are further seg-
regated into separate production functions for the five energy inputs

and the four material inputs respectively. Hence, there is a hierarchical
structure of 27 production functions which combine to provide implicitly
the nine production functions in terms of the nine products.

Substitution. Interfuel substitution across the five macroenergy sectors
and factor substitution across iabor, capital, material, and energy are
modeled explicitly using econometric relationships. Intrafactor perfect
substitutability among types of capital and among types of labor is im~
plicit in the assumption of homogeneous capital and labor.

Dynamics., The interaction of variables is myopic. Thus, prices and
quantities determined in the production process depend only on the
current periocd. The link over time, beyond exogenous trends, is found
in the transfer of aggregate capital services. To the extent that

D=7



capital services adjust gradually over time, the response of the pro-
duction sector is gradual. However, the response of the production
sector to price changes is instantaneous.

Trends. The model employs trends of the standard set of variables of
population and labor productivity.

Cconsumers:

Aggregation. The nine sector accounting of the production sector is
repeated in the final demand categories, which are further separated
into consumption, investment, government expenditures, exports, and im-
ports. However, in computing the tradeoffs between consumption and
investment, or labor and leisure, the nine sectors are aggregated to one,
with rules to insure consistency of values and prices. The disaggrega-
tion of quantities is through fixed shares for investment, government,
imports, and exports. A series of behavicral relations with nonzero
price elasticities is used for the disaggregation of consumption into
the nine sectors.

Substitution. Substitution using econometric relationships occcurs at
the aggregate level between consumption and investment, and between
labor and leisure. Given the aggregate values, there is no substitution
across the nine sectors for investment goods, govermnment expenditures,
exXxports, or imports. For consumption, however, some substitution across
energy and materials is included via econometrically estimated constant
elasticity price effects. Also, an econometric representation of inter-
fuel substitution is included in the model.

Dynamics. The behavioral relations governing the tradeoffs between
aggregate consumption and investment are based on a formulation imply-

ing optimization over time. Through simplifying assumptions, this is
implemented as a series of myopic calculations., Thus, the determination
of consumption also is myopic and depends only on the corresponding prices
and quantities 'in the current period.

Trends. The model assumes the standard set of trends for government
expenditures and exports.

Balance:

Objective. The producers and consumers interact in markets where prices
and quantities are in equilibrium. Producers demand capital services and
labor which are obtained from consumers. Conversely, consumers demand
consumption goods and leisure. Hence, capital formation and labor par-
ticipation are determined endogenously. In each market, equilibrium is
determined through the behavioral equations when the supply-demand prices
and quantities for all transactions are equal.

Dynamics. The balance is determined sequentially in each period with
the available homogeneous capital services operating as the dynamic
link. Hence, separately for each pericd, the model determines a general
market equilibrium in all markets.

Hnyilicza Model [3]

This model is closely related to the structure of the Hudson-Jorgenson model but

it contains some very significant differences.




Producers:

- Aggregation. There are two producing sectors in this highly aggregated model--
’ energy and nonenergy. Each sector output is a function of five inputs--capital,
labor, enerqy, nonenerqgy, and imports.

Substitution. Substitution across inputs of factors, energy and nonenergy
materials and imports is explicitly modeled using econometric relationships.
The cost function describes this substitution across various inputs as a
function of prices of inputs as well as levels of output. Intrafactor perfect
substitutability is implicit in the assumption of homogeneity implied by the
aggregation into one type of labor (energy and nonenergy each) and two types
of capital stocks (energy and nonenergy).

Dynamics. Interaction of wvariables is myopic. The only link over time
beyond exogenous trends is found in transfer of capital stock for each of
the two sectors. To the extent that capital services adjust gradually
over time, the response of the production sector is gradual. However,

the response of other inputs for production to price changes is instan-
taneous.

Trends. The model employs the standard set of variables of population,

labor force, and labor productivity. Additionally, capital productivity
trend is assumed.

Consumers:

Aggregation. The two sector accounting of the production sector is re-
peated. However, nonenergy consumption is disaggregated into consumption
goods and capital services.

Substitution. Substitution across energy goods, nonenergy consumption
goods, and nonenergy capital services is modeled explicitly through
econcometric relationships. Perfect interfuel substitution is implicit
in the assumption of single energy form. Perfect substitution also is
implicit in the components of the other aggregates of nonenergy consump—
tion goods and nonenergy capital services.

Dynamics. Interaction of consumption variables is myopic with instan-
taneous adjustment of variables to price changes. The main intertemporal
link is the relation describing the tradecff between aggregate consump-—
tion and investment.

Balance:

Objective. Balance between supply and demand of various quantities is
achieved through sequential computation of equilibrium for each period.

Dynamics. Sector specific capital stock is the main dynamic link.

Xennedy-Niemeyer Model [4]

This model alsc closely resembles the Hudson-Jorgenson accounting framework but

utilizes very different behavioral assumptions.



Producers:

Aggregation. The production sector utilizes a nine sector input-output
accounting framework with five energy sectors and four nonenergy sectors.
Capital services are identified separately for each sector. There is a
production function of each sector which is determined by inputs of
capital and labor. A notable characteristic of the production functions
for oil and gas concerns inclusion of an efficiency parameter to model
resource depletion. Here, for the same level of other inputs, the cut-
put of oil (or gas) is a declining function of the cumulative oil (or
gas) production.

Substitution. There is substitution hetween capital and labor for each
producing sector, but no ather form of substitution is included. In
particular, the nine sector input-output coefficients are fixed and ener-
gy demand is proporticonal to output. Intrafactor perfaect substitutability
is implicit in the assumption of homogeneous labor. Alsc the components
of each of the nine macrosectors are implicitly assumed to be perfect
substitutes.

Dynamics. Similar to the Hudson-Jorgenson model, the interaction of
variables is myopic. The nonmalleable capital services provide the main
dynamic link. Additionally, resource depletion is modeled through
changing scale parameters in the production functions.

Consumers:

Aggregation. As in the Hudson-Jorgenson system, this nine sector
accounting of the production sector is repeated in the final demand
categories.

Substitution. There is no substitution in the model in terms of final
demand or the tradeoff between consumption and investment. Given the
aggregate level of GNP, the allocation of output to the sectors and all
components of final demand is determined according to fixed shares.

Dynamics. As in the Hudson-Jorgenson model, the determination of aggre-
gate consumption and investment is based on a formulation implying opti-
mization over time. Through simplifying assumptions, the implementation
is achieved through a series of myopic calculations.

Trends. The model assumes the standard set of trends for government
expenditures and exports.

Balance:

Cbjective. Balance between supply and demand of various quantities is
achieved through sequential computation of an eguilibrium for each
period.

Dynamics. Sector specific capital stock and oil and gas production
functions that include an efficiency parameter to model depletion pro-
vide the intertemporal linkage.

Wharton Annual Energy Model [5]

The Wharton model is a highly disaggregated system evolving from the large

Wharton EFA annual and interindustry system.




Producers:

Aggregatioh. The model incorporates 59 industrial output sectors of
which eight are energy producing sectors and the remainder produce
various nonenergy goocds and services. Separate production functions are
estimated for each sector using a two level hierarchy in which, for each
sector, Cobb-Douglas production function is used to determine value
added from inputs of labor and capital services, and a constant elasti-
city of substitution, multivariable production function to determine
aggregate level of intermediate inputs as a function of the vector
intermediate inputs, and a final production function assuming perfect
complementarity between value added and aggregate intermediate inputs to
determine the sectoral output.

Substitution. Interfuel substitution across energy sectors, factor
substitution across labor and capital, and substitution across inter-
mediate inputs is modeled through econometric relationships using the
mathematical structure outlined above. Intrafactor perfect substitutability
is implicit in the assumption of homogeneous capital and labor. No direct
substitution between material and factor inputs is included. By chang-

ing the mix of sector outputs, however, indirect substitution between
materials and other factors is included.

Dynamics. The variable input-output coefficients are determined in the
long run by the prices of all factor inputs. However, the adjustment

to the long run values is not instantaneous. As implemented, in any
period the coefficients depend on current and previous period prices and
the rate of adaptation is determined by a separate lag parameter,

Trends. The model employs trends of the standard set of variables of
population, labor force, and labor productivity.

consumers:

Aggregation. Final demand is decompesed into consumption (14 categor-
ies), investment (32 categories), inventories, trade (14 categories},
and government (6 categories). Behavioral equations for each of these
categories are included in the macroeconomic model. Each category then
is disaggregated in turn into the 59 sectors of the interindustry
classification through the application of fixed shares.

Substitution. Substitution using econometric relationships occurs in

all final demand categories at an appropriate level of aggregation

noted above. These substitutions are a major source of potential vari-
ability in total energy use across major categories by final demand. Due
to the extensive detail, the effect of substitution assumptions implicit
in the level of aggregation is minimal.

Dynamics. The consumption equations operate on lagged prices and
quantities which replicate a gradual adjustment to long run equilibrium.
There is a separate parameter controlling the speed of adjustment for
each final demand category weighted by the price and quantity differences
in the previous pericd. No direct censideration of future prices is
included.

Trends. A time profile of exogencus aggregate government expenditures
is assumed.
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Balance:

Objective. Long run equilibrium at full employment is a target for the
model subject to the constraints implied by the dynamics of the short
and long run adjustments. There is full short run eguilibrium in the
product markets in terms of prices and quantities. However, there is
some uncertainty as to what extent the interindustry demands for capital
and lapor inputs are balanced with the prices and supply determined in
the macroeconcmic model of consumption-investment or employment-unem-
ployment.

Dynamics. The model does not consider future prices as relevant to the
decisions in any period. Therefore, the solution implementation is
sequential, computing a short run equilibrium in each period. Due to
the consideration of past prices and quantities, neither full employment
nor long run equilibrium is achieved in any period. Rather, these serve
as targets which the model approaches gradually.

PILOT Model [6, 7]

The PILOT model is a disaggregated system including a detailed process description
of the energy sector. A main distinction compared to the other EMP systems is

its normative approach to intertemporal tradeoffs and capacity limitations of

the energy sector.

Producers:

Aggregaticn. The model incorporates 23 industrial sectors of which five
deal with energy production. The energy sectors are further disaggre-
gated into explicit process models for approximately 18 energy activities.
Depletion of oil, gas, and natural uranium resocurces is modeled expli-
citly through engineering relationships describing progressively rising
costs as functions of cumulative extraction. Labor input is considered

a homogeneous quantity. However, nonhomogeneous capital inputs, repre-
sented as capacity measures for each sector, are separated for 18 non-
energy sectors and individual energy processes with explicit accounting
of intertemporal interactions of the capacity formatiocn.

Substitution. Substitution across energy inputs in the energy sector is
modeled using engineering relationships. However assumption of perfect
complementarity is made with respect to nonenergy inputs into energy
production and all inputs into nonenergy production. Also perfect comple-
mentarity across components of each of 23 sectors is implicit in the
definition of aggregates.

Dynamics. Interaction of variables is clairvoyant with current decisions
determined by parameter values of all time periods. Due to fixed co-
efficients in the nonenergy production, no adjustment is possible in
relative amounts of capital, labor, and material inputs. On the other
hand, gradual adjustment in the inputs for energy production occurs in
the detailed energy sector through capital reguirements, new technology
introduction dates, etc. Intertemporal linkage is provided through non-
homogeneous capital stocks and remaining energy resources.
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Trends. The model employs trends of the standard set of variables of
population, labor force, and labor productivity.

Consumers:

Aggregation. The 23 sector classification is repeated for consumption,
investment, government expenditures, and net exports. Decisions on
consumption are aggregated into a single value of aggregate consumption.

The 23 sector composition of aggregate consumption is determined by the
level of consumption or income.

Substitution. For a given level of consumption, the model uses a fixed
shares system in any period, except for exports. Hence, there is no
substitution other than through exports. Independent demand curves for
exports are included to produce revenue which is used to balance energy
and nonenergy imports. Any combination of exports that can be produced
in excess of domestic demands is permitted.

Dynamics. Consumpticon is not permitted to decline over time. Except
for this constraint, choices on the demand side are made taking expli-
citly into account the temporal availability of supply and production
capacity.

Trends. In accordance with EMF scenario definitions, the model assumes
eventual 10% reduction in energy demand through non-price-induced
conservation,

Balance:

Ohjective. The distinctive characteristic of PILOT is the cbjective of
determining the maximum cumulative consumption permitted by the physical
capacities of the economy. Except for exports, no behavioral relations
for conventional market equilibria are postulated. The system is dis-
tinctly normative.

Dynamics. The implementation of the maximization is achieved through
simultaneous solution of the optimal consumption-investment problem for
all periods. Hence future availabilities and decisions are as important
as past decisions in determining the balance in any period. The system
anticipates resource depletion and factor scarcity, adjusting consump-
tion and investment to permit maximum aggregate growth in the face of
these constraints. For this reason, the resulting pattern of investment
may be of particular interest.

DRI-Brookhaven Model [8]

The implementation of this linked system is achieved through information trans-
fers for three target years of 1985, 1990, and 2000 between the Hudson-Jorgenson
(DRI} model, and the combined Input-Output-BESOM model of the Brookhaven National
Laboratory. The Hudson-Jorgenson model described earlier is used as an inter-
temporal integrating device with the static I/0-BESOM model providing energy
technology detail for the three target years. The information of aggregate

energy demands for three target years at five sector detail is transmitted from
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the Hudson-Jorgenson medel to the I/C-BESOM model. The detailed I/0-BESOM model
in turn determines the relative prices, the fuel mix, and the capital requirements
for energy taking into account the availability of new energy technologies and
interfuel substitution by the producers and the consumers. The implementation of
the interfuel substitution is achieved through an eight order disaggregation of
the end use categories (such as space heat, process heat, petrochemical feedstocks,
motive power, etc.). While the I/0-BESOM model's computer implementation for
these target years is independent, separate numerical checks are made to assure

intertemporal consistency of energy conversion and end use capacities.

Since the Hudson~Jorgenson subsystem possesses the characteristics of their model

described earlier in this paper, they will not be repeated here., We briefly note,
however, that the industrial sectors are disaggregated into nine sectors with
five sectors for energy production. The labor and capital are treated as homo-
genecus quantities and the main dynamic link is provided through capital services.
The market equilibrium is myopically determined for each period through behavior-
al equations for producticn and consumption. The characteristics of I/O-BESOM

subsystem are described below.

Producers:
Aggregation. The production is further disaggregated into 110 input-out-~
put matrix and 30 energy production activities.

Substitution. The substitution across energy processes is considered by

the BESOM subsystem. The input-output matrix is a fixed coefficient
system, however.

Dynamics. The intertemporal linkage is provided by the Hudson-Jorgenson
subsystem.

Trends. The technical coefficients are time trended in I/0-BESOM
subsystem.

Consumers:

Aggregation. The I/C-BESOM subsystem considers the energy demands in
terms of eight end use categories and nonenergy demands in terms of 90
industrial sectors.

Substitution. The I/0-BESOM subsystem considers a full range of sub-
stitution possibilities for eight energy end use categories. The non-
energy portion of I/0-BESCM is a fixed coefficient system, however.

Dynamics. Provided by the Hudson-Jorgenson subsystem,
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Balance:

Objective. The cost minimization objective is used to achieve a supply-
demand balance in the energy system consistent with the capacity limita-
tions and the final demands for the nonenergy sectors, and limitations
on aggregate levels of pollutant emissions due to energy production.

Dynamics. Provided by the Hudson-Jorgenson subsystem.
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Appendix F

SCENARIO IMPLEMENTATIONS FOR THE
PARTICIPATING EMF MODELS

Section 1
INTRODUCTION

This appendix is organized in five parts to present the assumptions defining the

EMF scenarios and the results of the models' execution of these scenarios.

The second section contains a description of the driving variables and the record
of their numerical values. The participating EMF models were designed originally
for many different purposes. All the models can address many issues with vary-
ing degrees of approximation. To provide consistency for the analysis of the
particular EMF issues, some standardization is necesgsary. The working group
adopted a uniform set of assumptions to use in the execution of the EMF scenarios.
Following the usage of the CONAES MRG, the variables determined by these assump-
tions are referred to as the driving variables. The specification of the driving
variables and their numerical values determine the common inputs to the models.
But these assumptions do not constitute a forecast, Or even a consensus expec—
tation of the future. They simply ensure that the differences in the model results
provide information on differences in the models, not variations in input data.
The working group explicitly chose to resolve differences in opinion regarding
input variables on the basis of convenience rather than on the merits of opposing
views., This facilitated the EMF task, but the resulting input assumptions are
not warranted as forecasts. In large measure the EMF working group adopted the
convenient energy sector assumptions developed by the Modeling Resource Group of
the coincident CONAES study. Separate assumptions for the driving variables of
the economy are required because of the differences in the issues under inves-
tigation. The key economic variables include population, labor force, and labor
productivity growth. Individual model deviations from these assumptions are

indicated.



The third section of this appendix contains the definition of six scenarios orig-
inally designed for the EMF study. These scenarios are not intended to be fore-
casts. Rather, they are carefully designed perturbations of the base case intended
to provide information on the sensitivity of the models' link betweeﬁ energy and
the esconomy. The high growth case stimulates econcmic activity to illustrate the
direct effect of the economy on energy demand. The energy constraint cases reduce
energy availability or raise energy prices to measure the embedded substitution

in the models. The declining cil import price case provides a symmetric test of
the effect of lower energy prices. The case taxing delivered energy was intended
to reveal the impacts of imposing energy price increases at different points in
the energy system. None of the models, however, executed both scenaric five and
six and, therefore, the distinction is not maintained and only the fifth scenario

is presented.

The fourth section tabulates the exceptions required by the modelers in adapting
their systems to the common assumptions. These exceptions arise especially due
to the differences in the model structures and levels of aggregation. These ex-
ceptions are a useful medium to convey some model differences. For example, the
positive equilibrium models did not implement the energy quantity restrictions
that are convenient in the normative or optimization models. Rather, the scarcity
of energy is simulated by a combhination of Btu taxes and income redistribution.
The EMF working group attempted to minimize the number of exceptions but some
significant differences remained. Generally, these do not affect the central
results reported in Volume 1. In the one prominent instance where the result was
sensitive, in the measurement of substitution effects in the Hudson-Jorgenson

model, an ad hoc correction was used as discussed in the commentaries below.

The plots of some of the key variables and parameters for various model runs
follow in the fifth section. This section also includes commentary providing
definitions and explanations of the various graphs. The results of six models
with five scenarios for a number of years and dozens of parameters produce a
forbidding volume of output, All the results are presented later in tabular form,
but the most interesting results are compared in the graphs. These graphs dis-
play a substantial amount of information in an easily understood format. Once
again, however, the reader is cautioned that the results were developed for model

comparisons only. The graphs do not constitute an EMF forecast.
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The sixth section contains computer printouts of the model results. The EMF
working group selected a few key variables that the modelers were asked to
report. Each modeler did not report all details available in his model.
Generally speaking, the models provided the information on all requested
variables. The more aggregated models do not have the full detail, but provide

the information at the appropriate level of aggregation.



Section 2
DRIVING VARIABLES

The driving variables provide a standard set of assumptions to all participating
modelers to permit scenario runs on a commeon basis. These assumptions are rea-~
sonable but do not represent an EMF forecast. They are designed for sake of

consistency of intermodel comparisons only.
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Section 3
SCENARIO DEFINITIONS

Through scenarios, the EMF working group implemented a set of carefully designed
perturbations from a base case to obtain information on model responses with re-
gard to the link between energy and the eccnomy. The main assumptions of these

scenarios are presented here.
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Section 4

MODEL EXCEPTIONS

211 models could not implement all the assumptions as specified by the EMF working
group. This section contains the exceptions made by the modelers in implementing

the scenariocs.

In Table F-3, page F-16, the first column lists the serial number of the assumption

or the scenario, the detailed specification of which can be found in Sections 2 or

3. The remaining columns list the exceptions for each model.

EXCEPTIONS OF PARTICULAR RELEVANCE TO THE EMF STUDY

The deviations of the particular medels from the central assumptions of the EMF
study often are matters of convenience and have little impact on the main con-
clusions of the study. There are some model exceptions, however, which must be
recognized if the results are to be interpreted properly. For example, a variety
of model limitations or modelers' preferences leads to a lack of uniformity in the
magnitude of the energy taxes or energy restrictions which are so central in the
evaluation of substitution potential. The only meaningful cross-model comparison
in this regard, therefore, is the abstract derivative concept of the elasticity

of substitution. While this may be appropriate to the modeler, it is not as
meaningful as the percent reduction in GNP for a given reduction in energy. &

comparison which can be inferred but has not been tested here. This section

summarizes the most important exceptions judged to be of particular relevance to

this study.

Pilot Model

In contrast to the other models, this system is designed to impose direct re-

strictions on the supply of energy. But, not using a price oriented market
structure, the model cannot impose taxes. This precluded the execution of Sce-
nario 6, which was dropped later in any svent. The chief development effort,
stimulated by EMF interaction, is the insertion of substitution possibilities

in the choices of consumers and producers for energy utilizatiocn.
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Kennedy-Niemeyer Model

In principle, this model can impose direct restrictions on the amount of energy
used. Originally, this seemed equivalent to the imposition of a Btu tax. But,
because there is no substitution allowed in the model, the duality between taxes
and energy restrictions does not apply. The tax, therefore, produces a small
reduction in income and a small reduction in energy demand. A direct restriction
in energy use would have a larger impact in this model. In addition, the assump-
tion of a fixed saving rate in the model removes one link in the chain between

the availability of energy and capital investment. The fixed savings rate reduces
the impact of energy scarcity when compared to the assumption of a fixed rate of
return on capital. As this model is intended to show the greatest impact of

energy scarcity, the modelers are undertaking modifications to accommodate this

new insight.

Wharton Model

The complexity of this system evolved to examine a range of shorter run macro-
economic issues. The extensions to energy detail were under way at the time of
the EMF study and this prevented full implementation of all the scenario detail.
In particular, the model was run only through 1990. &and large changes in the
input variables for higher economic growth or stiff energy taxes could not be
accommodated. Large changes in these variables tend to upset the financial and
employment components of the model in unexpected degree and the modelers chose
not to apply the system outside the range of its design. The relatively small
changes produce instability in the estimation of some of the comparative parameters,
such as the implicit income elasticityv. Without a specific suprly sector, the
model cannot constrain energy input and produces no estimate of energy imports.
These latter characteristics change in the version of the model under development.
The chief extension is the further disaggregation of the energy sector and the

inclusion of specific process models.

Hudson=-Jorgenson Model

The restrictions in energy use were implemented with a Btu tax on delivered energy.
This is primarily a matter of convenience to maintain compatibility with other
applications of this model. There is no reason, in principle, why the model could
not impose the tax on primary snergy or impose a direct reduction in energy use

and solve for the eguivalent tax. The model structure and implementation are




compatible with either test, but tax on delivered energy was chosen. This

necessitated the ad hoc corrections of results explained in the commentary in

Section 5 of this appendix.

Hnyilicza Model

The structure and implementation of this model are oriented towards price and tax
tests rather than direct restrictions con energy gquantities, Therefore the re-
striction on energy was implemented by imposing a Btu tax. In examining the
results, the relatively low price of energy is noted. This feature is explained
by the fact that in these implementations the historical rate of technological
change in the energy sector is maintained. No depletion effects are included.
The real costs of domestic energy, therefore, decline over time as domestic pro-
duction expands. No imports are needed to meet the growing energy demands and
the price of energy equilibrates at the low level predicted by a continuation of

the preembargo trend.

DRI-Brockhaven Model

The chief role of this model is to improve the energy sector detail while preserv-

ing the aggregate substitutions of the Hudson-Jorgenson model. The comments for
the latter system apply to this more detailed model as well.



Section 5
SUMMARY GRAPHS

The comparison of the results of the many model runs is facilitated by graphical
presentation. This section presents these graphs with an associated commentary
by way of a limited explanation. The models encompass far more detail than this
study is able to use or even understand. The complexities of the individual
models preclude the thorough investigation of all possible questions. Hence,
there are anomolies in the model results which the working group did not pursue,
The focus of the EMF study resolved gquickly to the measurement and evaluation of
the implicit elasticity of substitution embedded in the models, and most of the
effort is devoted to the consistent presentation of this somewhat artificial
parameter. The remaining data and model comparisons are included for complete-

ness without any warranty as to their potential use,

The graphs are coded to facilitate the comparison across models. All points are
plotted by a numeral to identify the corresponding model. The numerals are

assigned as follows:

1. PILOT Model

2. Kennedy-Niemeyer Model
3. Wharton Model

4. Hudson-Jorgenson Model
5. Hnyilicza Model

6. DRI-Brookhaven Model
9. History




PR

GROSS NATIONAIL PRODUCT

Values are reported in billions of constant 1972 dollars. BAll of the models
treat population growth and technological changes as exogenous parameters. In
the presence of constant prices, these assumptions virtually determine the growth
rate of the GNP. The similarity of results for the GNP, therefore, is not

surprising.

In the High Growth scenario, various mechanisms, such as faster population
growth, more rapid technological change, or higher employment levels are used
to increase economic¢ activity without large changes in energy prices. This
High Growth case is used later in summary statistics to estimate the implied

per capita inccome elasticity of energy demand.
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TOTAL QUADS

This 1s total primary energy input recorded in 1015 Btu (quads), following the

accounting conventiens of the Bureau of Mines. Primary energy input is the most
familiar statistic for comparing total energy use, but it has many conceptual
deficiencies. For example, the same end use reguirements for energy may yvield
different primary energy inputs, because of different fuel mixes. As a single
measure of energy requirements, however, primary energy input is the best avail-
able compromise that is widely understocd. This measure of energy is used

throughout the EMF report and plays a central role in examining the link between

energy and the economy.
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ENERGY~GNP RATIO

This Energy-GNP ratio is defined as:

TOTAL QUADS
GROSS NATIONAL PRODUCT

and is reported in thousand Btu per constant 1972 dollar. It displays one rela-
tionship over time between the amount of energy used and the size of the economy,

as projected by the various models.

The graph displays the relative difference between the growth rate of the economy
and the growth rate of energy. The time path is constant if a one-to-one corre-
spondence is indicated by the models. The time path will decline when the growth
rate of energy is less than that of GNP.

The Energy-GNP ratio is indicative of the efficiency of energy use but it is far
from the perfect measure. Some limitations of this concept and detailed empirical
comparisons of international data are developed in the paper by J. Darmstadter,

J. Dunkerley, and J. Alterman, "How Industrial Societies Use Energy: A Compara-

tive Analysis", Resources for the Future Report, Washington, D.C., 1977 [1l],
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e

NORMALIZED ENERGY-GNP RATIOQ

This normalized Energy-GNP ratio is defined as:

ENERGY-GNP RATIO
BASE CASE ENERGY=-GNP RATIO

This comparative statistic simplified the evaluation of the changes in the Energy-
GNP rati. across scenarios when compared to the Base Case. It demonstrates one
measure of the flexibility of the energy-economy feedback relations indicated by
the various models in comparisons across scenarios, Constant values near 1.0
indicate a strong tie between changes in the energy sector and changes in the
economy. A wider dispersion away from 1.0 indicates a flexible energy-economic

relationship.

The results for Hnyilicza's model for the Declining 0il Import Price Case are a
sharp deviation from those reported for other models and scenarios. This anomcly

has not been explained.
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ENERGY IMPCRTS

This includes both oil and gas imports and is reported in 1015 Btu (quads) per

year.

In the Kennedy-Niemeyer model, the value reported for imports includes the amount
of AES (alternative energy sources) used. Therefore, the value recorded is higher
than the actual imports. As a model without responsiveness to higher prices and
a declining domestic production base, the Kennedy-Niemeyer system utilizes a

high level of oil and gas imports.

The output from the Wharton model did not include separate reporting of imports.

F=-48
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FOSSIL FUEL PRICE

This is a measure of the c¢ost of primary energy inputs. See the attached
Technical Memo EMF-TM~-77-1.1 for a definition. The key difficulty here is the
use of a homogeneous commodity called "primary energy". This is a fiction of

the accounting structure, but it is erucial in the simplied comparison of the
models. For the EMF purposes, the proper measure of the price is at the earliest
point where the energy enters the system before the costs of fungible capital

and labor needed to transform that energy are included in the price. Here, the
wellhead or mine mouth prices of the component energy products are used to

approximate the primary energy price.

In the case of the Wharton model, no fuel prices are reported, but an aggregate
energy price index is supplied. The fossil fuel price for this model is based

on this index, where the index 1.00 indicates 22¢/millien Btu in 1972 dollars.
For the case of the Hnyilicza model, no fuel detail is supplied. A special pro-

cedure was used to compute the fossil fuel price from the output of this model.

The attached Technical Memo EMF-TM-77-1.3 summarizes these calculations.
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SUBJECT: FOSSIL FUEL PRICE EMF TECHNICAL MEMO-77-1.1
AUTHOR: D. R. Fromholzer DATE: 5/6/77

FOSSIL FUEL PRICE

The fossil fuel price is a rough measure of the average price of primary energy
inputs. It is based on the prices and expenditure shares of the primary fuels——

coal, gas, and oil.

i

=
b2

=
Fd
+ ‘:/
ot
1.

Specifically, the fossil fuel price is defined as:

5 ‘ 3t=k?1 ptimi ,

f i=1

.% where E£ = fossil fuel price for time period t ,

5, Pi = price of fuel i in peried t ,

;i ;i = weights based on expenditure shares. {See exact definition below.}
5 Also, let

t = o denote the first year reported by a model,

t = £ denote the last year reported by a model .

We define k so that in the first period the fossil fuel price times the quantity

of fossil fuels consumed gives the actual expenditure observed. Thus:

3 i i
.Z Py qo
P = i=] ,
o 3 i
z qo
i=1

where q;'= quantity of fuel i used in period t .

Then X 1is generated by sclving:
3 .
log k = log P_ - L wu, pt

Finally, the weights w, are set to be the average expenditure share for each

fuel between the first and last periods reported,

i i D i

= _10% 1 72%
S S 2 3 4
I v g LI Py g
i=1 e ° i=1 L



SUBJECT: COMPUTING IMPLIED FOSSIL FUEL PRICES EMF TECHNICAL MEMO-77-1.3
FROM HNYILICZA'S MODEL

AUTHOR: William W. Hogan pATE: 3/18/77

The available data from Hnyilicza's model are price indices for delivered energy
in the intermediate and consuming sectors. We wish to compute an implied price

of primary fossil fuels.

Let:
PE; : real price of intermediate energy in '58 dollars from Hnyilicza.
PEt : real price of primary fossil energy in '58 dollars.
6t : ratio of delivered energy to primary energy.
ELt : percent gross energy devoted to production of electricity.
ac : cost of transporting, converting, and marketing energy.

Then we assume,

where

Gt = 1/3 ELt + (l-ELt) .

Assuming alsc that there is technological change in the energy sector of 1.2%/
year, then

t-538
@, = Qgg {1 - .012) .

Now, from Hnyilicza's model we have

S8
PEm = 1.32

58
PE = .39
658 = ,883 (EL58 = ,178)

and, therefore,
= 878 ,

%s5g

For the purposes of the EMF forecasts we assume

Elyooe = -4

then

2000




TITRIN S

T

and, therefore,

) 2000 _ 2000 _
Pp = (PEm Ol2000) § 3000
2000 2000
p_ = 2 2% 73 - s30T,

This gives the transformation from Hnyilicza's prices to the implied price of
primary fossil energy measured in 1958 $

p 2000 73 p 2000 _

E Em -39

The real price of intermediate energy in any year is determined by the intermediate

energy index from Hnyilicza's (P 2000), the GNP deflator (E&;goo) and the value
58
of P as
2000 -t 58 , — 2000 .,
Pem = Pon o Pem 7 Fowp

Finally the link between Hnyilicza's reported index §£; and the real price of

primary fossil energy is

2000 — 2000 = 2000
PE = .96 PEM / PGNP - .39.
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ENERGY CONSUMPTION PER CAPITA
This is defined as:

TOTAL PRIMARY ENERGY INPUT (in quads)
POPULATION (Census Series I or II, depending on the scenario)

and is reported in million Btu per person. It is a rough measure of how in-

dividual energy use is affected by changes in energy availability and the cor-

responding economic responses. The Base Case uses the Census medium growth

(Series 11} projections: the High Growth scenaric uses the Census high growth

(Series I) projections. (See the exceptions noted in Section 4 of this appendix

for the Hnyilicza results.)
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ENERGY-GNP RATIO RANGE

This is a c¢ross-scenario measure, defined for each model as:

MAX {Energy-GNP Ratio} - MIN {(Energy-GNP Ratio)
Base Case Energy-GNP Ratio

This statistic is intended to highlight models with large potential variability

and flexibility as those with limited changes in energy use and economic activity.

The large range for the results of Hnyilicza are established by Scenario 2, the
Declining 0il Import Case. This scenario was not investigated extensively by the
group. If this scenario is deleted, the range for Hnyilicza's model is cut in
half and his results are c¢loser to those of the other models with similar aggre-

gate elasticities of substitution.
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GNP EFFECTS OF CONSTRAINTS
This is reported for both the Base Case and the High Growth Case and is defined
as:

® GNP {Base Case with Constraints}
GNP (Base Case)

® GNP {High Growth Case with Constraints}
GNP (High Growth Case)

for individual models, the graph displays the relative effects on GNP of energy

canstraints or higher energy prices. This measure is not as good a cross-model

comparison as intended. Unfortunately, the methed for implementing the energy

constraints varies significantly across models. For example, the use of taxes in

the Kennedy-Niemeyer model has little impact because there is no substitution

(by assumption) and, therefore, the taxes produce no reduction in energy use and
little GNP effect. In contrast, PILOT enforces a direct reduction in energy use
with a corresponding reduction in GNP. But with the same energy input, these

two models would produce similar results. This deficiency in scenario design
It in-

was noted after implementation of the tests, and could not be corrected.
dicates, however, that the comparison of elasticities of substitution is the more

informative measure of the models' link between energy and the economy.

The results from Hnyilicza's model are caused by a significant reduction in capital

accumulaticon in the presence of higher enezgy prices. This model result is dis-

cussed in further detail in the explanation of the comparison with the Elephant-

Rabbit predictions.
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ENERGY IMPACTS OF ECONOMIC GROWTH

This comparison plots two points for each model in terms of GNP and energy. The
lower point is the result from the Base Case, the upper point is the High Growth

scenario. The two points are connected by a linear interpelation.

The purpose of this comparison is to illustrate the eifects of the economy on the
energy sector. The primary focus of the EMF study is the feedback in the models,
i.e., the effect on the economy of changes in energy prices or availability. The
central issue is the degree of flexibility exhibited by the economy to substitute
other factors of production for the higher priced energy. But this flexibility
should not be confused with the direct effects of the economy on energy demand.
In the presence of stable energy prices, increases in economic activity should
praduce corresponding increases in energy demand. Hence, the comparison of the
Base Case and High Growth scenarios here should show upward sloping relationship.
We see that all the models possess this desirable property and produce similar

results.
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IMPLIED INCOME ELASTICITY

The focus of the EMF comparison is on the economic effects of changed energy
availability. This should not be confused with the impact of economic activity
on the energy sector. 1In the presence of constant energy prices, higher levels
of economic activity, such as through higher levels of employment, should in-
¢rease energy demand. All the models share this property as illustrated by the
graph on page F-77., One measure of the strength of this link is found in the

implied income elasticity per capita and is defined as:

. 81n (Energy per capita)
81n (GNP per capita)

i

This is measured here by comparing the Base Case and High Growth scenarios for

each model.

1n {E_ /Pop _ 1ln (E,/Pop
2/ FoP; ) { Ey/FoPy
in (GNPQ/PQPZ) - 1ln (GNPl/Popl)

where E = Total Energy
Pop = Population
GNP = Gross National Product
1l = Base Case Scenario
2 = High Growth Scenario
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ELASTICITY OF SUBSTITUTION

The elasticity of supstitution is the most important statistic developed by the
EMF for comparison of the different models' link between energy and the economy.
The structure of the approximation and the c¢rucial nature of the elasticity of
substitution are developed in detail in Appendix B. The simple wodel found there
assumes that the long run total nonenergy output of the economy can be approxi-
mated by a constant elasticity of substitution production function with inputs of
energy and all other factors. With two explicit assumptions, the data from
scenarios 1-5, and 3-4 can be used to estimate the elasticity of substitution

embedded in the detailed models participating in the EMF study.

These assumptions are:

® The marginal productivity of energy in the detailed models is
approximated by the derivatives of the constant elasticity
production function.

1 The scenarios with energy constraints or higher energy prices
are equivalent toc the imposition of a long run primary energy
Btu tax that is redistributed to consumers.

With these assumptions, the elasticity of substitution is obtained as:

o 1n (Ele/YlEz]
In (By/%,)
where Yl = PlEl + GNPl
Y2 = P182 + GNP2
E = Total Energy Input
P = Fossil Fuel Price of Energy
¥ = Total Output

o 1 = Base Case
2 = Base Case with Energy Constraints
) 1 = High Growth Case
2 = High Growth Case with Energy Constraints




In computing the elasticity of substitution for the Hudson-Jorgenson and the
DRI-Brookhaven models, an ad hoc correction has been made. These models imposed
the higher energy prices by adding a $1 Btu tax to delivered energy, in particular,
to delivered electricity. But our assumptions imply the tax is on the fuels used
for electricity. This would make a difference of a factor of 3.0 in the magnitude
of the primary energy tax. The ad hoc correction approximates the energy level
which would occur if the tax were placed on all primary energy. This increases
the long run elasticity estimate from 0.35 to 0.49. The higher figure should be
an overestimate of the true elasticity embedded in the models., The details of

this correction are found in the attached Technical Memo EMF-TM-77-1.5.



SUBJECT: CORRECTION OF ELASTICITY ESTIMATES IN EMF TECHNICAL MEMO-77-1.5
HUDSON-JORGENSON RESULTS
AUTHOR: William W. Hogan DATE: 5/31/77

Notation: Subscripts 1 and 2 refer to the base case and base case with tax; P,
the price of energy; E, the primary energy input; x, the portion of the input for
nonelectric purposes; and y = E-x.
Normally, we follow the Elephant-Rabbit paradigm and (assuming all taxes are re-
bated) define,

Y. = GNP, + P
1

1

lEi i=1,2.

Then,

g = _ln(E1Y2/YlEZ)/ln(Pl/P2) .

This assumes the tax is imposed on primary energy input. But the Hudson~Jorgenson
model set the tax on delivered energy. Hence, electricity is overrepresented in
E and this biases the calculation of G.

There are a number of reascnable adjustments to propose to correct for this bias.
I recommend the following:

To first order, the GNP should remain constant if the delivered energy remains
constant. As we raise the price of delivered electricity (from $1.00/106 Btu tax
to $3.00/106 Btu to correct for efficiency) there will be a reduction in
electricity demand and an increase in nonelectric demand. If delivered energy
remaing constant, this produces a 2 gquad drop in E for each end use guad shifted.
If we further assume that this shift continues until the reductions in x and y

are proportionally equal, we have a means for obtaining a corrected estimate of
g.

The bias in the resulting calculation of total energy could go either way, but
should be small. The bias in the GNP is positive and thereby overstates 0, but I
think the error should be small there too.

Hence, for x., Yo I propose to calculate a shift from electric to nonelectric of
A such that

X, + 1/34A v, = A X.¥., = V. X
2 - 72 therefore A = 2 le
*) Y, X * 13

= '

Then let ﬁz = EZ - 2/3A and use Ez in the place of E2

the same assumption on the primary price of energy {where we use the average
fossil fuel price}.

to calculate U, but with




0p-d4 anbta

SINIVELISNEZD HLIM JoVE8 (ONY JoVE =UTHYNIIS

0102 0007 0661 0861
m 1 I I { * I I H [ 1“ T T T T _ i | [ T]
P N
V1og Pl :
1 11
ccceliddicecs . ]
& A
3
et -
@ o
o o6
@ S
;0 .-
y 9 l
AW‘
g? ]
_ 1 | I J ~ ] I t i _ 1 | L ! _i'“ | i L

NATLOLTLSENS 40 ALIJ1LSY 14

-
O

c0

U

LoV 13

bt

O
—

1

A

—~
T
[<F]




Ty-4 2anbra

35V J HLIAPZYY RATH ~OIdYNIOC

Ol Uooc 0661 Qmm
%-iln-l_ [ T~ "3 1 n [ T I [ 1 | I [ 1 I ] T gr.\_n_\‘..“._
o xm | ~ |
cc ¢ ¢ ccc &g = o 7
C (g m M C 2z
— L'U
1 i
]
— 20
5 g 4 ¢ .9 i
-5 S ~ 47 1 ¢
5 G . — &0
9 Lobog g - i
g V4 bog -
9 4 =
g 14 i{. +#°0)
mwmw t74 1 ]
1% ]
¥ i
v — §°0
_ . | ] | _ | ! | | _ ] | i | _ I | i]

NOTLOLTESdNS 4 ALlOlioV 14

ALIOTLISY IS

F-82




ELEPHANT-RABBIT COMPARISON

The main body of this report and the comparison of the models rely heavily on the
highly stylized view of the world found in the simple two factor Elephant-Rabbit
model as presented in Appendix B. The appeal of this model is found in its
simplicity and the transparent role of the value share and elasticity of substi-

' tution in determining the link between the energy sector and the remainder of the

| economy. The value of the simplification rests in part on the degree of faithfulness
in representing the detailed models when examining the same relationship. The
detailed models can address many questions, but the simple model can address only
one, the link between total energy and the total econcmy. In these graphs, we
compare the results of the Elephant-Rabbit model to those of the detailed systems

in addressing the impact of a higher price for all primary energy.

Using the implied elasticity of substitution for each model, the actual reduction
of GNP for the Tax Scenaric vs the Base Case is shown along with two predictions

based on the simple approximation developed in Appendix B.

The upper line in each case is the prediction obtained by assuming that capital
and labor remain constant but energy use is reduced. The lower line results

from holding labor constant and allowing c¢apital to change so as to hold its mar-

ginal productivity censtant.

In all cases but one, the experiment with constant marginal productivity of capi-
tal produces a good approximation to the aggregate results of detailed models.
The cone exception is for the comparison of Hnyilicza's output. This anomoly has
not been resolved, but ¢ne test was conducted to identify the source of the de-

wiation.

The structure of Hnyilicza'’s model permits control over the accumulation of capi-
tal and wealth before implementing the Btu tax. A test scerario with the same
capital and wealth inputs as the Base Case but the energy tax in the year 2000
only was conducted. This produced a drop in energy input of 6.1% and GNP of only

3.2%, in closer agreement with the predictions of the simple Elephant-Rabbit model.
The apparent failure of the simple model is in capturing the more complex dynamic
relations in Hnyilicza's system.




SUBJECT: SPECIAL TAX SCENARIC WITH HNYILICZA'S MODEL EMF TECHNICAL MEMO-77-1.4
AUTHOR: William W. Hogan DATE: 5/31/77

Hnyilicza's model is the only system with GNP reductions from the Btu tax differing
substantially from the aggregate predictions of the simple framework developed in
the Elephant-Rabbit model. This anomoly has not been resolved fully, but one

special scenario offers some insight as to the possible cause of the difference.

All the Btu tax or energy constraint scenarios assume the tax exists over a number
of years, long enough for the full effect of the tax to work through the system.

In Hnyilicza's model, all dynamic effects are captured by changes in capital
accumulation and wealth, but for a fixed level of capital and wealth input the
remainder of the model adjusts to the long run equilibrium each year. This property
of the model permits a simple test of the response to energy taxes if all capital
investment is held constant. We impose the tax in the target year only. The
capital and wealth input is then the same as the base case, and the long run re-

sponse to the direct changes in energy is revealed.

This special scenarioc was implemented by Hnyilicza with his model. The results for

the year 2000 are shown in Table 1.

Table 1

HNYILICZA SPECIAL SCENARIC
ECONOMIC IMPACT IN YEARR 2000

Base Tax in Tax in
Case All Years 2000 Only
GNP (1958 $) 1576.00 1335.00 1526.00
Energy Input {(Quads) 124.30 82.75 107.30
Price of Primary Energy .19 .36 .29
($58/10° seu)
Capital in Energy Sector (INDEX) 26.15 22.22 26.15
Capital in Nonenergy Sector (INDEX) 34,67 29.80 34.67
Implied Elasticity of Substitution -.37 .27

Relative to Base Case




These results indicate that the source of the deviation in the actual results
versus the simple forecast must be found in the more complex dynamic effects on
capital formation. When capital formation is held constant, the aggregate results
of Hnyilicza's model conform closely to the prediction of the simpler framework

with the appropriate elasticity of substitution.

Further note that when capital is permitted to adjust endogenously, the reduction

in capital input matches the reduction in output.



THAOW LOTId  "Zh-4 23Inb1g

(ASYD ISV HJ8 NATLIVHA) ADclIN
l 6°0 8’0 40 N AN

i I I T _ 1 I I i _ T T T I _ 1 I t .dl!;_riqiilﬂ||:fli_i<i ﬁu ﬁ_
i

B 0.
- N 3@
- 470 ]
_ I
- )
B ()
B wIn3ysay jo aley .
UyeluIEN C3 - o~ F—1
L sasnipv 1eatded \\\\\\\ mm ﬁw S

F-86

- \ ’ B N

jue3suo) sindul
1oqe] pue Teitrded )

______IL.!____“__CJ

NZSTIVAWEAD 11d8VH- INVHd S 14




TIAOH YIAZWAIN-AQINNAA “€p-g danbrg

(3SVI ISYE 4@ N@ILIVEL) ASNINT

670 80 70 90 ()
i 1 1 I _ I 1 ] I * [ | i T - I 1 I [ .“iﬁf_: I T I lm Wu O
N
7
\ —1 50
e N
j ]
uinlay Jo alwey -
uteluTeN 03 ﬁ,\_
gasnipy featdeD — U
— &0
aueasuo)y sindur i
soqe] pue Teitded |
r“ o
_ -5 U
- \ ,_
\ —
\ _
.
_IIlL\t¥+\\\ﬂ\\; L i } | m i 1 ] H ﬁllu. | 1 ] _ | { | I * ﬁunﬁ

NOSTHY AWBD L1ddVed-INVHA S 1

35

=87




Tt

TAJOW NOIMYHM “pb-d 2anbtg

(35Y0 dSVYY 40 NOTLOVdA) AULINA

ﬁ 5°0 8'0 /70 9'0 G\)
S B B _ AN S S _ T 71 _ I I _ T T 4 570
- -
— ~ g0
- _
[ .
- —1 20
- ‘\...
) o
~ ~a
L uInlay Jo sawy N e
UTeIUTEN ©3 \ ¢ D
B sysnlpy Te3Tded rd h
L ~ u
- \\ .\l
L - \ 4
- - il
B juelsuo) sindu
e \\\\\ roqeT pue TejTdED ]
B ! i
= I B L3 b 1 Dnﬁ

NZSTAVAWEZD L1198V - INVHd = 14

and

SY Tl

r-as8




T3A0W NOSNASHOL-NOSUNH  "sp-4 2anbty

(ASYJ 35Vd 40 NOILIVd) AUd=IN

G 0 g0 £°0 S G G

T T T T ! T I T i _ T T T T _ H 1 I T M I T 1|!ﬁ114

urnlay jo ey
UTERIUTEN O3
s3snlpy teatded -~

jueasucy sindur
aoqe] pue (e3tdep

g

Llllrll]‘il_lli_l..Lﬁ.,Li}:

NBSTAVAWDD 11989V e-1NVHd S 14

40

"0

M~
<

60

0°T

N Ed ding

P
ol

—_

A
Vi oiN

1SYH 3

- 3

(3SV

F-8%9




FERES £ Hiih S

—

TIGOW YZOI'TIANH - 9F-d 2anblg

(3SVD 38VE 40 NBIIOVHH ASH3 T ;
6°0 g0 £°C 90 ANy

1

1

— _ [ . _ ([ R _ S S S | 1 4::J1:; 500

|

«

.
—
-

!
1
S S S I S
-
N
a
C

' '
e - 2

: — T
- -_
m ‘_,
.. uinjiay jo a23vy )
uTEjluIey 03 i ooey
: . | U
sasnlpy Teatded K
| -
3juelsuo) sandur ,
L. IodqeT pue Te3tded -.ﬁ
: | l;llii — —_ :1ll£%i1!111Jli:z‘sx .1&@
i l._.!l_vull\|r|.'L= e JI.VLHIH:L!’hI ui.l!.uﬁulll.*isixn.ﬁi\l;illl.n_l‘l_: e A _ ! ML,_ . "1

NOSTHYJWPD 1199V d-iNVHI S 1

F-90




TITAOW NOIAYHIOOHI-IHG “Lb-d SanbTg

(ASVI JA5Yd H0 NOILIVd A AOdIN S
[ 50 8°U L0 g 6o
1 I i I _ ; T 1 I _ I I I T _ I [ I | B i I (I _u_A_
|

F-91

uInN3Iay Jo Ijey (;
ultejuTen o3 _
sasnipy Te3tded l__ )

jueasuo) sandur N e [
— xoqe] pue feitdeny ) U 0 —

NASTIVAWI T LTdaVd-INVHI J 1




Section 6

COMPUTER PRINTCUTS

This section contains the full results of scenario runs from various models.
Modelers were asked to submit information using EMF designed forms for the essen-
tial variables. In some cases, differences in definitions or aggregation levels
prevent reporting of comparable detail. For these cases, the modelers provided

information on the aggregates or close surrogates. Major discrepancies are cited

in the footnotes.
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Appendix G

ABEREVIATED MCDEL DOCUMENTATION

This appendix includes brief descriptions of the individual
models participating in the EMF study. The short descriptions
were prepared by the modelers or extracted from the longer docu-

mentations as available.

Section Page
1 Stanford PILOT Model . . . . . + + . « « + G- 1
2 Kennedy-Niemeyer Medel . . . . . ... e . G- 7
3 Wharton Model .« + + - + + « « + &+ = « « « . G=10
4 Hudson-Jorgenson Model (DRI LITM) . . . . . G-17
5 Hnyilicza Model . . . . . . + + &« +» + « . . G=20
6 DRI-Brookhaven Model . . . . . . . . . . . G-22

DR!-BROOKHAVEN

WHARTON HNYILICZA

ENERGY

ECONOMY
MODELS

PILOT HUDSON-JORGENSON

KENNEDY-NIEMEYER




ABBREVIATED MODEL DOCUMENTATION

Working Paper
EMF 1.9

May 25, 1977

CETEEIT O

Energy Modeling Forum

L. Institute for Energy Studies
stanford University

Stanford, California 94305



TR TR YW TR T

Appendix G
ABBREVIATED MODEL DOCUMENTATION

Section L

ABBREVIATED DESCRIPTION OF THE
STANFORD PILOT HMODEL

Prepared by the PILOT Modeling Group

SUMMARY DESCRIPTION OF THE MID-1976 PILOT

Qur modeling activity in building the first version of the PILOT model concen-
trated on the supply side of the energy picture. 1In particular, this version of
PILOT includes modeling of coil and gas exploration and extraction activities as
well as the uranium extraction activities in addition to the existing and new
fossil energy technolegies and the nuclear fuel cycle. To provide the under-
lying growth setting for the economy, a dynamic input-ocutput system is employed
in which the final demand components of consumption, capital formation, imports,
and exports are endogenously determined, and the government expenditures are
assumed given. The labor force and its productivity growth are also assumed to

be given.

The model includes a description in physical terms of the industrial processes
of the economy and the demands for consumption, capacity formation, government
services, and net exports. The description of the processes that provide useful
energy to the economy constitutes the detailed energy submodel. This consists
of technological descriptions of the raw energy extraction and the energy con-
version processes as well as the energy import and export activities. Four
linkages interconnect the energy sector to the rest of the economy: energy de-
mands of the economy, bill of goods needed for energy processing and capacity
expansion, total manpower available to all sectors (including energy), and a
trade balance constraint which requires equating of total exports to total im-

ports when these items are evaluated in 1967 dollars over each five year period.

G-1
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The industrial sectors of the economy are represented by a 23 order input-output
matrix. The sectors are grouped as follows: 5 energy sectors, 1 agriculture,

1 nonenergy mining, 5 energy intensive manufacturing, 4 energy nonintensive man-
ufacturing, 4 services, and 3 capital formation. For computational efficiency,

a modification recently was implemented that alse permits construction of the
model at a more aggregated 12 sector detail. Here five energy sectors are pre-
served but nonenergy sectors are aggregated into the following seven sectors:
agriculture, mining and construction, energy intensive manufacturing, energy non-
intensive manufacturing, transportation, services, and machinery and transporta-

tion equipment. Consumption is modeled in terms of consumption patterns of the

average consumer. This sector does not have a fixed bill of goods; the consump-

tion vector varies as a function of a parameter representing the total per capita

consumption attained.

Capital formation needed for replacement of retired plant and equipment as well

as for capacity expansion is endogenously modeled. Capacities for various pro-
cesses are differentiated from one another. The capital equipment of the non-
energy sectors is depreciated exponentially whereas the energy facility capacities

are assumed instead to have fixed physical service lives.

Construction lags are used to specify the time it takes to build new capacity.
These construction lags may be varied individually for all 18 nonenergy sectors

as well as for all energy facilities.

Exports are treated as final demand items. The imports are considered in two
parts, noncompetitive and competitive. The noncompetitive imports are for those
goods and services for which no domestic substitutes exist. They are treated as
a part of the technology of the consuming industrial sector. On the other hand,
competitive imports of goods and services for which domestic substitutes do exist
are treated as activities that can augment the domestic production by a desired
amount. Finally, the trade balance constraint ties together the amounts of all

imports and exports. It requires that the revenues from exports be no lower than

the cost of imports when these items are evaluated in 1967 dollars.

The detailed energy sector contains conventional energy technologies, such as
0il refineries, coal fired power plants, etc., as well as new technologies of
the future, such as ccal synthetics, oil shale, plutonium recycle reactors, etc.

(Figure G~1l).
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As noted earlier, the energy sector aiso includes a description of the exhaustion
process of the three exhaustible energy resources: oil, gas, and uranium. For
oil and gas, finding rate functions are used to specify the amount of oil-in-
place and gas reserves to be found for a given amount of drilling effort. The
level of drilling effort is endogencusly determined. The advanced (and expensive)
techniques of secondary and tertiary recovery also are defined in the model. For
natural uranium, the increasing effort t(hence increased cost) to extract it is
modeled in terms of the progressively higher amounts of uranium mining and mill-
ing capacity needed due to poorer ore quality as more ané more uranium is extract-
ed. In both of the above cases, piecewise linear approximations are used to

model the nonlinear functions while preserving the linearity of the constraints.

The maximand in the mid-1976 PILOT is the undiscounted sum of the gross naticnal
consumption over 40 years, subject to: a "monotonic per capita consumption”
constraint, requiring that the average per capita consumption must he nondecreas-
ing over time; an initial condition stating a lower limit on the first period
consumption, and a terminal condition stating a lower limit on the amount of

capital formation in the last pericd.

DEFICIENCIES IN THE MID-1976 PILOT

In its present form, the model includes: detailed description of the energy tech-
nologies, explicit description of the exhaustion processes for oil, gas, and
uranium, the dynamics of the capital formation and the resource extraction that
explicitly take into account the intertemporal tradeoffs, nonmalleable capital,
variable construction lags, endogenous treatment of trade with the rest of the
world, and consumption functions that were derived using a procedure that assumes
equal absolute additions to income of all income groups and that describes the
changing patterns of consumption with the changes in the standard of living as

measured by the aggregate level of per capita consumption.

The model also contains a flexibility to experiment with the exogenously speci-
fied temporal profiles of consumer fuel mix. This feature makes it possible to
examine the effects of the interfuel substitution by consumers, especially in
those 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 resulting f£rom the conservation and
efficiency measures implemented by the consumers and the industry, either volun-

tarily or through legislative means.
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This version of the model, however, does have some weaknesses. It does not con-
tain 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 of fuels to more abundant forms of fuels, nonenergy materials,
labor, or capital are not endogenously considered in the model. "he main dis-
advantages here consist of the necessity of examination of the solution outputs
for bottleneck reducing substitutions, and reoptimization with appropriate adjust-

ments in the matrix coefficients. Such reoptimizations, however, could be time

consuming and cumberscme.

On the energy supply side, a weakness in the model is an absence of the endogenous
descriptions of the requirements for the environmental related hardware, partic=-
ularly with respect to coal usage. The total coal production, therefore, is
essentially exogencous in the model. Also, the 40 year planning horizon of the
model is not long enough for certain decisions related to energy. Tweo examples
worthy of mention in this regard are the decisions related to the fast breeder

reactor and the central station solar technologies.

CURRENT MODEL DEVELOPMENTS

Most of the developments, of course, deal with overcoming the deficiencies just

outlined.

L Coal Module--Physical Supply Curve of Delivered Coal
{(factors included: water, environmment, changing transportation
requirements)

° Longer Planning Horizon--100 Year Model with Variable Time Period
dggregation for Computational Effjiciency

@ Potential Interfuel and Capital Fuel Substitution Mcdule--Incor-
porates Efficiency Improvements and Constraints Imposed by
Existing Stocks of Utilizing Devices

L Welfare Equilibrium Variant--Comprehensive but More Aggregate
Substitution Functions for Consumers and Industry

° Financial Flow Model--To Study Market Imperfections

A coal module is being prepared that takes into account the following consider-
ations related to significant increases in the ceoal production: water avail-
ability constraints, enviromnmental considerations related particularly to high
sulfur c¢oal, and shifts as well as increases in transportation requirements re-
lated to anticipated increases in the market share of western ceoal. While it is

trzue that the supply curve of cocal at mine mouth is relatively flat, a more




meaningful supply curve is the one for delivered coal that takes into account the

above considerations. For details, see {1; Appendix C].

An approach is being developed for extending the planning horizon to 100 years.
The main difficulty here is computational, resulting from 20 five year periods.
The staircase structure of the PILOT model with 20 steps would take a signifi-
cantly higher computational time. To overcome this difficulty, a computer pro-
gram has been developed and is being tested to aggregate the 20 time pericds into
a smaller number of time periods. A notable feature of this program is that it
will allow aggregation in a form that does not require all the time pericds to
be of equal length. The length of any time period in the aggregation can be any

desired multiple of five years. For details, see [l; Appendix Hl.

A major area of development deals with modeling of the substitutions on the de-

mand side. Two approaches are being pursued here. The first one concerns pro-

cess analysis based modeling of the limited area of interfuel and capital fuel
substitution, the objective of which is to facilitate studies dealing with the
determination of potential substitutions by consumers away from the scarce forms of
energy that explicitly take into account the 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. For details, see

[1; Appendix Gl.

The second approach concerns modeling of a much more comprehensive set of sub-
stitutions in the consumer and industrial demand but on a highly aggregated

scale., Implementation of substitutions is achieved through a hierarchy of pair-

wise substitutions. "Hierarchical homothetic functions" are used to mathemati-

cally express the choice making behavior and technological substitutions. This

approach is described in some detail [2].

Firally, some basic research is being conducted in the area of modeling market

imperfections. The key idea here is an observation that the shadow prices from
linear precgramming are marginal prices and not reflective of market prices which
may be affected in part by institutional factors. The purpose of the Financial
Flow Model is to derive an additional set of dual variables which reflects a
number of institutional relationships that cannot be captured in the Physical
Flow Model. For details, see Avriel and Dantzig (3] and Jackson and Dantzig

{1; Appendix JJ}.



Section 2

ABBREVIATED DESCRIPTION OF THE
KENNEDY-NIEMEYER MODEL

Abstracted from "Energy and Economic Growth®
Prepared by Michael Kennedy and E. Victor Niemeyer [4]

SOLUTION OF THE MCDEL

A summary of the mathematical conditions for eguilibrium in the model and a brief

outline of the solution procedure follows.

In each year, there are 10 commodities which are in perfectly inelastic supply.

These are the amounts of capital services available to each sector (Ei, i=1,...9)

and total labor available (L). The solution procedure finds a set of prices that
has the property that the derived demands for each of these commodities equals
their fixed supply. Output prices {p;, 1 = 1,...9) and GNP are functions of fae-
tor prices (ri, i=1,...9, and w}); final net demands are functions of output
prices and GNP; gross demands are functions of net demands, and derived demands
for capital services and labor are functions of factor prices and gross demands.
As a result, derived demands for factor inputs can be reduced to functions of
only factor prices in any given year. (This logic follows the outline of a com-

petitive economy given by Arrow and Starrett [5].)

Finding the equilibrium of the model, then, reduces to finding a set of factor
prices with the property that the derived demands for factor inputs equals their
supply. This is essentially a problem of solving a system of 10 equations for

10 unknowns. We have developed an algorithm for finding the equilibrium factor
prices.




The complete set of mathematical relations which must be satisfied by the eguili-

brium values of the endogenous variables is given below.

MATHEMATICAL DESCRIPTICN OF THE MODEL

In each year, the exogenous variables are
L--labor supply
E = (Ei' i=1,...,9)--capital stock available for use in sector i

A--a 9 x 9 matrix of intermediate input-output coefficients

X M= (xi, Mi' i=1,...,9)--exports and imports of the output of each

sector

The endogenous variables are

r = (ri, l=1,...,9—price of capital services to each sector

w-—the wage rate, normalized at unity

p= (Pi' i=1l,...,9)=-the price of output of each sector

Q = (Qi. i=1,...,9)--gross domestic output of each sector

C = (Ci, i=1,...,9}=-~consumption of the output of each sector

G, I = (Gi' I., i=1,...,9~-spending by government and by investors

i
on the output of each sector

B--a 10 x 9 matrix, partitioned as

L
J
i J
2 0
0 .
]
L
.
J
9
where bL is a 1 % 9 vector of direct labor coefficients
Ji, i=1,...,9 is the direct capital input coefficient for the

ith sector

The mode]l finds a set of endogencus variables in each year that satisfies these
general equilibrium conditions:

B = Biw, 5)—-derived from production functions

Y = wL + r'K--an income identity

P =AP + B'(‘:)



—————r

Q= AQ + Clp, Y} + G(p,¥Y) + I(p,Y} + X(p,¥) - M(p,¥)=-supply equals demand
on product side

{é) = BX--supply equals demand con factor side

The next year's capital stocks then are computed as described above.

NUMERICAL ASSUMPTIONS

As yet, we have not attempted to estimate the parameters of this model with histor-
ical data. Instead, we have made assumptions about the values of the parameters,
which are listed below. Where possible, the parameters used were adopted from

the Hudson-Jorgenson model (1974) and its underlying data base (1973).

As a result, the simulations we have done are illustrative and have the purpose
of indicating the qualitative features of the model. In these simulations, we
simply want to see what directions the equilibrium solution is pushed when key

exogenous variables, particularly those representing conditions of energy supply,

are varied.

The behavior of a system such as this is so complex that analytical expressions
of derivatives of endogencus variables with respect to exogenous variables are
impossible to derive, so that simulation is the only effective method of learning
about it at all. In addition, the numbers we have chosen are meant to represent
the U.S. economy. Thus, we feel that the results have some real world relevance,

although the reader must judge for himself.




Section 3

ABBREVIATED DESCRIPTICN OF THE
WHARTON MODEL

Abstracted from “The Structure of the Wharton Annual Energy Model"
Prepared by Lawrence R. Klein and William F. Finan {6]

INTRODUCTION

Wharton Econometric Forecasting Associates (WEFA) has an ongoing long run macro-=
economic forecasting project. The main tool of this forecasting effort is the
Wharton Annual Model. The distinguishing feature of this model is its fully inte-
grated 47 industry sector input-output {I-0) table. A column input modeling
algorithm allows I-Q technical coefficient change to be endogenized. Coefficient
movements are a result of both technical change and price induced substitution

among industry inputs.

wWhile the existing Annual Model structure allows a fine degree of industry detail
to be modeled, the energy sector {especially primary energy producing industries,
such as crude oil production, natural gas production, and coal mining) is not
sufficiently detailed. A major objective of the energy medeling effort at WEFA
has been to restructure the Annual Model to improve the energy sector detail.
Increased detail has been added through two approaches. First, external to the
I-0 table, energy using and supplying industries have been modeled through the
use of what is called "satellite models". Appending sateliite models to the macro-
model allows energy related industries to be modeled in detail. The second step
taken to increase energy detail was to modify the I-0Q table of the Annual Model.
The I-O table was disaggregated to display important energy using and supplying
sectors. Work also was initiated to respecify the column input modeling algo-
rithm te improve the model's behavior with respect to the problem of long run

interfuel substitution.

INTRODUCTICN QF I-O INTO THE MACROMODEL STRUCTURE

Table -1 shows the sectoring in detail. Major energy consuming industries which

are particularly important for energy policy studies of interfuel substitutiocn
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SECTOR NUMBER

37
38
39
40
41

WHARTON ANNUAL

Table G-1

ENERGY MODEL SECTORING T

Farm, Agricultural Services, Forestry, and
Fisheries

Metal Mining

Coal Mining

Crude Petroleum and Natural Gas Liguids

Natural Gas

Nonmetallic Minerals Mining

New Construction, Nonfarm residential

New Construction, Wonresidential

New Construction, Other

New Construction, Utilities

Food and Beverages

Tobacco

Textile Mill Products

Apparel and Related Products

Paper and Allied Products

Printing and Publishing

Industrial Organic and Inorganic Chemicals

Chemicals, Cther

Petroleum Refining and Related Industries

Rubber and Miscellaneous Plastic Products

Leather and Leather Products

Lumber and Wood Products

Furniture and Fixtures

Cement

Stone, Clay, and Glass Products, QOther

Iron and Steel

Primary Aluminum

Primary Nonferrous Metal {excluding Aluminum)

Fabricated Metal Products

Nonelectrical Machinery

Electrical Machinery

Ordnance, Other Transportation Equipment

Motor Vehicles and Parts

Instruments, Related Products, and
Miscellaneous Manufacturing

Railrocads

Local, Suburban, Interurban Highway
Passenger Transportation

Motor Freight Transportation and Warehousing

Water Transportation

Alr Transportation

Pipeline Transportaticn

Transportation Services

£

Underlining denotes changes from existing macromodel table.
*Exist only as separate sectors aleong row




WHARTON ANNUAL ENERGY MODEL SECTORING (Continued)

SECTOR NUMBER

42 Communication
43 Electric Utilities
44 Gas Utilities
45 Water and Sanitary Services
46 Wholesale Trade
47 Retail Trade
48 Finance and Insurance
49 Real Estate
50 Services
(51) Eliminated R and D &
51 (52) Federal Electric Utilities
52 (53) Qther Faederal Enterprises
53 {54) local Government Passenger Transit
54 {55) State and Local Electric Utilities
55 (56) Other State and Local Government Enterprises
56 (57) Imports
(58) Business Travel and Entertainment T
(59} Ccffice Supplies t .
(6Q) Scrap, Used and Secondhand Goods ¥
57 (1) Government Industry
58 (62) Rest of World
59 (63} Inventory Valuation Adjustment
FINAL DEMAND
A. Consumption
60 (1} Autos
61 (2) Furniture and Fixtures
62 (3) Other Durables
63 {4) Foocd and Beverages
64 {5) Clothing and Shoes
65 {6) Gasoline and 0Oil
66 (7 Other Nondurables, Fuel 0Oil
67 (3 Other Nondurables, except Fuel 0il
68 (9) Housing Services
69 (107 Household Operating Services, Electricity
70 (11) Household Operating Services, Gas
71 (12) Household Operating Services, Other
72 (13) Transportation Services
73 (14) Other Services
B. Fixed Investment
74 (1) Farm
75 {2) Ore and Nonmetallic Minerals Mining
76 (3) Coal Mining
77 (4) Crude Petroleum and Gas Mining
78 (3) Primary Iron and Steel
79 (& Aluminum
80 {7 Other Primary Nenferrous

tEliminated from final table

G-12
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WHARTON ANNUAL ENERGY MODEL SECTORING {Continued)

SECTOR NUMBER

81 (8)
82 (3)
23 (10}
84 (11}
85 {12)
86 (13)
87 (14)
88 (15)
89 (16)
90 (17}
91 {18)
92 (1)
93 {20)
94 {21)
95 (22}
96 (23}
97 {24)
98 {25)
99 {26}
100 (27}
101 (28)
102 (29)
l03 {30)
104 (31)
105 (32}
C. Trade
106 (L
107 (2)
108 (3)
109 (4)
11¢ {5)
111 (6)
112 {7
113 (8)
114 {9}
115 {10}
116 (11}
117 (12)
118 {13}
119 (14)
D. Inventories
120
4
'SITC Code

*Inventeories are exogencus.

Electrical Machinery

Nonelectrical Machinery

Motor Vehicles

Aircraft, Ordnance, Other Transportation
Equipment

Cement

Other Stone, Clay, and Glass

Fabricated Metals

Lumber

Furniture

Instruments and Miscellaneous Manufacturing

Food and Beverage

Textiles

Paper

Chemicals

Petroleum Refining

Rubber

Apparel

Leather

Printing

Transportation

Electric Utilities

Gas, Water Utilities

Communication

Commercial, Other

Tobacco

Exports, 0 + 1 +
Exports, 2 + 4

Exports, 5 - 9

Exports, Coal, 3
Exports, Other Fuel, 3
Exports, Services
Imports, 0 + 1

Imports, 2 + 4

Imports, 5 - 9

Imports, Crude Qil, 3
Imports, Residual Fuel 0Qil, 3
Imports, Natural Gas, 3
Imports, Other Fuels, 3
Imports, Services

Inventories *

G-13



SECTOR NUMBER

E.

Government

121
122
123
124
125
126

WHARTON ANNUAL ENERGY MODEL SECTORING (Continued)

Federal National Defense
Federal Nondefense, Other

State
State
State
State

and Local Education

and Local Health and Welfare
and Local Safety

and Local, Other




nave been disaggregated in the I-0 table. The number of final demand categories

also was expanded.

At a general level, the energy supplving secters in the I-O matrix can be grouped
into two categories: primary energy producing industries (crude oil production,
natural gas production, and coal mining) and secondary energy producing indus-
tries {refining, electricity generation, and nuclear fuel processing). WEFA ob-
tained the MacAvoy-Pindyck Natural Gas and Petroleum Exploration Model to model
domestic natural gas and petroleum supply. This model, combined with Wharton's
Coal Model, provides a detailed complete presentation of the domestic primary
energy producing industries. Coal, natural gas, and crude petroleum output exist
in the disaggregated input-output table as separate sectors. Thus, the primary
energy supply sectors are fully integrated into the I-0 table. The secondary
energy producing industries are not modeled at a similar level of detail in the
present version of the model. These sectors are included in the macromedel I-O
table and are handled with the existing macromodel structure. Petroleum refin-
ing, electric power generation, and natural gas distribution exist as separate

sectors. Future work will expand the detail of the secondary sectors.

Important energy using sectors are included in the I-0O table at a highly dis-
aggregated level. For example, cement, iron and steel, and primary aluminum
exist as separate sectors. Work alsc is under way to model key energy using

sectors with satellite models and/or process medels.

ALTERNATIVE APPROACHES TO MODELING COLUMN INPUTS

In the present version of the macromodel, changes in column inputs are modelied
by an approach developed by Dr. Ross Preston [7]. Preston has shown that if
industries combine least cost intermediate inputs subject to a CES production
constraint with given outputs, a linear formulation of the intermediates input

demand function can be derived and estimated.

While Preston's approach to medeling column changes was & major improvement over
earlier techniques, it was not felt to be completely satisfactory with respect
to modeling changes in the composition of energy inputs. For example, a common
substitution elasticity is applied to all inputs. Clearly this is an extreme

assumption above. One solution is te group column inputs into basic layers with




differing elasticities within and between layers., Wharton also is investigating

two other approaches to estimate substitution parameters between pairs of column
inputs: the use of satellite models, and statistical cost functions. These

approaches will be discussed now.

Satellite Models

A satellite model is "one that studies detailed interrelationships of an industrial
sector or significant parts of it separate from the macroeconomic systemr,
Satellite systems are constructed to model industry structure, particularly with
respect to energy consumption, in a highly detailed manner. This micromodeling

approach allows adjustments of the composition of industry inputs to relative

price movements, shifts in material availability, or technological change. Since

the satellite systems are integrated with the macrosystem, compositional shifts

determined in the satellite system affect the main macromodel sclution.

Modeling Column Input Change with Statistical Cost Function

Professor James M. Griffin, University of Pennsylvania, has proposed a new pro-
cedure to model changes in I«0 technical coefficients which combines industry

process models with statistical cost function estimation {8]. Process models

of varicus industries tend to be of such a large size they cannot be introduced
directly in the macromodel despite their explicit description of the technology
and ability to elicit the cost minimizing inputs corresponding input-output co-
efficient for that input. The statistical cost function is estimated from "pseudo
data" generated by the process model. "Pseudo data" are generated by solving the
industry preocess model for alternative vectors of relative input prices. Each

solution yields the corresponding cost minimizing input levels and total costs.

This information becomes the observations in the pseudo data sample which then
are used to estimate a statistical cost function. In essence, the statistical

cost function serves as a type of reduced form description of the technological

structure. A dynamic adjustment process, such as in the layered Hickman-Lau,

then is used to medel the movement from one long run cost function to another [9].

CONCLUSION

The Wharton energy modeling apprecach is to integrate highly detailed satellite
systems with a disaggregated I-0 table. Solution of the linked system allows the

impact of alternative energy scenarios to modify the composition of industry fuel

inputs, and in turn, feed through to the I-0 table to the remainder of the model.




Section 4

ABBREVIATED DESCRIPTION OF THE
HUDSON-JORGENSCON MODEL (DRI LITM)

Provided by Robert C. Dullien

The DRI Long-term Interindustry Transactions Model (LITM) has been created from
the Hudscn-Jorgenson Macroeconomic and Interindustry Models for the United States
economy (10]. These models have been integrated through a method that allows
the rapid inclusion of further submodels as well as the more efficient use of

the system for policy analysis purposes. The Interindustry part of the combined
model has been revised through the inclusion of production functions for nuclear,
hydroelectric, geothermal, solar {utility), and direct solar energy production

as well as shale oil production and coal liquefaction and gasification.

The Macroeconomic Model (MM) provides the general characteristics of the economic
environment. It consists of behavioral equations fitted with parameters using
data for the 1947-1973 period and also of accounting identities. It preojects

the amount and price of consumption, investment and capital and labor service
inputs on a yearly basis. The demand for goods and services by government, the
amount of exports net of imports, the supply of labor, the percent of labor un-
employed, and the inflation rate for the economy as a whole are exogenous to

the MM.

The Interindustry Model (IM), in the LITM framework, provides a means of dis-
aggregating the Macroeconomic Model's projections to a level which is more in-
formative, yet manageable. The economy is divided as shown in Table G=2. Of the
14 producing sectors, 10 relate directly to energy preduction. Three crude energy

carrier extraction processes are modeled and seven energy refining processes.

The two models can be combined in two different ways due to the existence of two
diffarent sets of production functions. In Integration Mode 1, the Macroeconomic
Model's production function dominates. In this mode, the Macroeconomic Model

fully determines the growth path of aggregate inputs and outputs for the economy.

G-17




Table G-2

PRODUCING SECTORS OF THE DATA RESOQURCES, INC.
LONG-TERM INTERINDUSTRY TRANSACTIONS MODEL

SECTOR NUMBER
MAJOR PRODUCING SECTORS:

1 Agriculture and Nonfuel Mining

2 Manufacturing, excluding Petroleum Refining

3 Transportation

4 Communication, Trade, and Services

5 Coal

6 Crude Petroleum

7 Crude HNatural Gas

8 Refined Petroleum and Substitutes

9 Electricity

10 Refined Natural Gas and Substitutes
HYDROELECTRIC, NUCLEAR, AND UNCONVENTIONAL ENERGY
PRODUCTION SECTORS:

11 Nuclear Energy

12 Hydroelectric

13 Geothermal

14 Solar Electric

15 Shale Cil

16 Coal Liguefaction

17 Coal Gasification

i8 Sclar Direct

-18
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The Interindustry Model then is calibrated to agree with the Macroeconomic Model's

aggregate results. This type of integration is useful for establishing long
term projections from scratch and studying the effects of certain Federal tax or

other macroeconomic policies.

In Integration Mode 2, the preduction functicns endogenously determined in the
Interindustry Model dominate. The Macroeconomic Model is reduced to keeping
track of the supply of labor and capital and the determination of consumption
and investment demand. This mode allows the analysis of the effects of policies

or assumptions that relate to one or more sectors of the IM.

The two models are integrated using a framework which allows the user to select
any of a number of available equations and variables for inclusion in the simul=-
taneous equation system. If one sees the need to endogenize a formerly exogenous
parameter, one may do so by adding an equation to the already existing system.

Or eone may add a whole set of eguations that, in fact, comprise a whole other
model. The effect of the existence of this framework is that models can be
integrated with ease and that additional equality constraints can be added with-
out doing any computer programming. It thus makes the use of the LITM more

efficient for policy analysis purposes.




Section 5

ABBREVIATED DESCRIPTION OF THE HNYILICZA MODEL

Abstracted from
"a Long-Term Macroeccnomic Energy Model: An Overview"
by Esteban Hnyilicza [11]

Qur primary objective in the development of our macroeconomic model has been the
formulation of an integrated and consistent framework of analysis that would re-
late the market mechanisms for energy products, nonenergy products, and primary

factors of production to the fundamental process underlying the determination of

economic growth: the link between current capital formation and future production.

The underlying theoretical basis for our macroeconomic energy model is the neo-
classical theory of general equilibrium. There are three basic constituents of

the general equilibrium problem:

. Producer Behavior. Given some specification of technologically
feasible combinations of inputs and outputs, producers attempt
to acguire factor services and produce goods in such a way as
to maximize their flow of profit.

® Consumer Behavior. Given some representation of consumer pre-
ferences, households attempt to offer factor services and pur-
chase goods in such a way as to attain a maximum level of utility
flow.

° Market Adjustment Process. Given the demand and supply functions
resulting from the characterization of producer and consumer be-
havior, market forces determine an adjustment process toward a
set of prices for goods and factor services that clear all goods
and factor markets.

Our macroeconomic model has been formulated within this basic structure, incorpo-
rating fully endogenous treatment of the production and household sectors. The
role of each individual decision unit in the overall system can be established in
a straightforward way. Households acting as price takers develop decisions
attempting to arrive at preferred positions subject to expenditure constraints
and given price data; producers acting as price takers develop decisions attempt-

ing to achieve maximum profit subject to technological constraints and given

price data. Analysis of these decisions yields results describing the manner in
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which individual decisions are affected by changes in price data taken as given.
Processes of market adjustment then alter prices until the foregoing decisions

are mutually consistent and markets clear.

The other two major components of the model are the government and foreign sectors.

The government sector has its revenue generated by the tax structure and the tax
bases but its expenditure is largely exogenous. Demand for imports is generated
as part of the gystem of derived factor demands in the production sector but the

rest of the foreign trade sector is exogencus to the model.

The structure of production in our model incorporates two production secters
corresponding to energy and nonenergy products, respectively. The model includes
five markets for products, two markets for capital services, and one market for
labor services. The products are supplied by the energy and nonenergy sectors
and used by all sectors; factors are supplied by the household sector and used
by the two production sectors. The rate of capital accumulation and the rate of
increase of wealth also are determined within the mcodel and, together with the
rate of technological progress, establish the dynamic evolution of the system.
Identities that relate the income and expenditure flows across the various pro-
duct categories and balance equations that summarize the conditions for market

equilibrium complete the structure of the model.

The formulation of cur model falls within the tradition of general equilibrium

models because we assume that the supply and demand schedules for each good and
service determine all prices and quantities transacted within a simultaneous
process of market equilibration. Our formulation is neoclassical because we
postulate that the behavioral characteristics of the basic decision units can be
described in terms of maximizing behavior in the presence of appropriate con-

straints.

G-21




Section &

ABBREVIATED DESCRIPTION OF THE
DRI-BROOKHAVEN MODEL

Abstracted from "A Combined Linear Programming and Econcmetric
Systems Analysis of the Relation Between Energy, Growth, and the Economy"
Prepared by David J. Behling, Jr. and Robert C. Dullien ([12]

INTEGRATION SCHEME BETWEEN BNL AND DRI MODELS

First, the flows from the DRI Combined Model to the BNL Combined Model will be

described. The DRI Model is used to estimate:

° aggregate final demands for insertion into the BNL I-0O Model {final
demand disaggregates are based on BNL forecasts [13]):

L an aggregate interindustry input-output flow matrix, which is used
to estimate aggregate input-output coefficients in the BNL Input-
Output Model (disaggregates are based on BNL forecasts [131);

[ nonenergy prices, which are used to estimate the nonenergy cast
components of energy conversion processes, for insertion in the
cbjective functicn of the BNL LP Model;

e energy demand price elasticities, (obtained by simulation of the
combined DRI Model} which are used to estimate changes in functional
energy requirements in the BNL I-O Model.

The integration procedure incorporates the reverse flows from the BNL to the DRI

models, as follows:

) DRI annual energy production, export and import rates are controlled
to BNL estimated values.

° The BNL estimated fuel mix specification for the electric utility
sector is inserted in the DRI Interindustry Model.

L] The DRI aggregate capital and labor regquirements are adjusted for
BNL determined incremental capital and labor requirements associated
with new energy technologies.

° The DRI energy prices are adjusted for BNL estimated energy
scarcity values (shadow prices).

The general effect of these linkage relationships 1s to constrain the general

equilibrium solution values to energy values determined by the BNL Combined Model.




The BNL Model, in turn, is driven by DRI estimated aggregates along with the DRI
pattern of energy demand, overridden in some cases by engineering based forecasts
of new energy technologies. (For example, consumer demand for gasoline in the
BNL I-0 Model is based on DRI estimated income and price elasticities, adjusted
in some cases for the possible introduction of electric cars, and/or FEA guide-

lines for automobile fuel efficiency.)

SOLUTION PROCEDURES FOR INTEGRATED MODEL SCHEMES

The general research program to integrate the BNL and DRI Models is a two-fold
policy and theoretical research effort. Existing models and integration procedures
are being used for policy analysis, while at the same time model linkage equations,
data definition consistency checks, and solutien procedures for future policy
analysis are being developed. For current policy applications to date, only the
quantity structure of all the models have been integrated, and even with respect

to quantities, the iterative solution procedures which have been utilized have

not been iterated to full convergence.

The current state of the medel integration effort is described in detail in [14].
In this effort, compléte congistency of final demand estimates and energy gquan-
tities were obtained, but some discrepancies between models in energy allocation

by sectors remained.

For future policy analysis, Dale Jorgensen and Ed Hudson of DRI have developed

a scheme to fully integrate both the pricing and output structures of all models.
The general nature of this integration scheme will be published in subsequent
papers. Preliminary testing of this procedure has been programmed and convergent
solutions were reached. However, the following two general problems remain.
First, the BWNL data set is not fully consistent in a definitional sense with that
of the DRI Medel due to such problems as inconsistent dollar to Btu conversion
factors, and differing treatments of secondary product flows. Second, the BNL LP
Model generates step functions relating shadow prices to energy guantities,

while the DRI Combined Model incorporates only continuous functions. Aas a result,
energy price feedback relations from the BNL to the DRI Model generate either
very large or zero changes in the DRI Model solutions. Additional work to smooth

out the LP generated step functions is thus required.

In addition, David Behling is developing an independent integration scheme which

utilizes energy price elasticity data specified with respect to the functional



use of energy (space heating, water heating, etc.) as well as with respect to type
of energy form (oil, electricity. etc.) and purchasing industry ({steel, aluminum,

paper, etc.). This scheme is still in the development stage.

While the nature of the eventual linkage and computer relations between the DRI
Combined Model and the BNL Combined Model still is under investigation, much work
has been done in aligning the DRI Combined Model for BNL estimated guantity values.
The mechanism which performs the alignment of endogenous results with exogenous
target values for the DRI medels is a generalized version of the linear Newton's
method algorithm. There is significant flexibility in the selection of variables
for this scheme. Available state and control variables are catalogued in the
computer program manual. The user can select the set of state variables which
will be adjusted through a user-selected set of control variables until they
match a user-specified set of target values. The algorithm is highly efficient.
The user is able to keep the amount of computation to the bare minimum by speci-

fying, as input, which off-diagonal elements of the Jacobian need to be computed.

The alignment of the BNL Combined Model for DRI determined magnitudes involves
only the adjustment of parameters eXogenous to the BNL Combined Model. Currently

this adjustment is done manually.

USE OF INTEGRATED SCHEME IN POLICY ANALYSIS TC DATE

This model integration scheme has been used to estimate the income, output, em-
ployment, price, and oil and gas import displacement sffects of alternative com-
binations of energy research and development and energy taxation policies. The
results of this study are contained in [147. Currently the same preliminary
version of the intecw-ated scheme also is being used to generate forecasts of
energy production and consumption levels from 1985 to 2000, using the FEA $13 per
imported barrel of oil reference scenario as the 1985 starting point [15]. Para-
metric solutions also are being estimated on the basis of alternative policy
specifications as to imported oil prices (and/or tariffs or quotas) and levels

and mixes of new energy technology availabilities.

FUTURE ANTICIPATED RESEARCH EFFORTS

Besides reconciling the data bases of the various BNL and DRI Models and develop-
ing and implementing fully consistent and efficient solution schemes to integrate

both the price and output structures of the individual models, several additional
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research efforts are inticipated. At present, all models included in the inte~
gration scheme are defined with respect to national averages. However, an inter-
regional version of the BNL linear programming allocaticon model currently is
being developed at BNL. When completed, this interregicnal model will be in-~
corporated into the integration scheme, permitting regional estimates of energy

production, transportation, and consumption activities.

Currently several energy sector supply models are being tied to the DRI Inter-
industry Model [16]. These supply models alsc will be used to generate price,
supply relaticnships which, in turn, will be tied to the Brookhaven LP Model.

At present, domestic energy supply amounts are specified either completely exog-
enously or are determined on the basis of exogenously specified supply price
elasticities. Prices, in turn, are estimated either on the basis of expected
average costs of production plus endogencusly determined incremental scarcity
values or on the basis of exogenously determined import prices. More explicit
treatment of supply relationships will permit more detailed analysis of government
policies affecting supply relationships (e.g., the effect of energy profit taxes

and expected drilling or mining rates).

A dynamic version of the Brookhaven LP Model alsc is being developed by William
Marcuse and Lawrence Bodin of BNL [17]. When completed, this model will be used

to estimate optimal scarcity values of domestic energy rescurces and capacities
over time. Scarcity values estimated in static versions of the LP Model then

will be checked against corresponding scarcity values obtained in the dynamic

model so as to incorporate into the integration framework the influence of possible

future energy resource scarcities on present resource prices.

Research on estimating possible future microrelationships between energy prices,
energy research and development expenditures on energy utilizing processes, and
energy consumption levels also is being initiated at BNL. At present, only macre-
relationships between industrial output, energy consumption, and energy prices are
incorporated in the integrated framework along with the interfuel substitution

possibilities for meeting functional energy requirements.
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