OECD Economics Department Working Papers No. 116

GREEN a Multi-Sector,
Multi-Region General Jean-Marc Burniaux,
Equilibrium Model John P. Martin,
for Quantifying the Costs Giuseppe Nicoletti,
of Curbing CO2'EMISSIONS:| Joaquim Oliveira Martins
A Technical Manual

https://dx.doi.org/10.1787/744101452772

&) OECD


https://dx.doi.org/10.1787/744101452772

GENERALDISTRIBUTION
OCDE/GD(92)118

ECONOMICS DEPARTMENT
WORKING PAPERS

- No.116

GREEN
'A MULTI-SECTOR, MULTI-REGION
GENERAL EQUILIBRIUM MODEL
FOR QUANTIFYING THE COSTS
" OF CURBING CO, EMISSIONS:
'~ A TECHNICAL MANUAL

- by - |
Jean-Marc Burniaux, John P. Martin, Giuseppe Nicoletti
and Joaquim Oliveira Martins.
Resource Allocation Division

OECD

il
OCDE

ORGANISATION FOR ECONOMIC CO-OPERATION AND DEVELOPMENT -
Paris 1992

ONLY THE REFERENCE OF THIS DOCUMENT IS AVAILABLE ON OLIS






GENERAL DISTRIBUTION

OCDE/GD(92)118

- ECONOMICS DEPARTMENT
WORKING PAPERS
NO. 116

" GREEN -- A MULTI-SECTOR, MULTI-REGION DYNAMIC GENERAL EQUILIBRIUM MODEL FOR
' QUANTIFYING THE COSTS OF CURBING CO, EMISSIONS: A TECHNICAL MANUAL

. by
Jean-Marc Burniaux, John P. Martin, Giuseppe Nicoletti
and Joaquim Oliveira Martins '
Resource Allocation Division

UNUANLOALLUN SULNR SULUNUIMLL LUTULLIUAL LWV NN UGV GAAJE SLCAY L

Paris 1992
44110 -

ONLY THE REFERENCE OF THIS DOCUMENT IS AVAILABLE ON OLIS



GREEN -- A MULTI-SECTOR, MULTI-REGION DYNAMIC GENERAL EQUILIBRIUM MODEL FOR
QUANTIFYING THE COSTS OF CURBING COj EMISSIONS: A TECHNICAL MANUAL

. The OECD Secretariat has developed a multi-region, multi-sector, dynamic
applied general equilibrium (AGE) model to quantify the economy-wide and global
costs of policies to curb emissions of carbon dioxide (CO3). The project is
called the GeneRal Equilibrium ENvironment model, hereafter referred to as
GREEN. The purpose of this paper is to provide a full technical description of
the GREEN model, its data base and parametrisation as of April 1992. It
replaces the previous version of the GREEN Technical Manual which was issued in
June 1991 as Working Paper No. 104. '

‘Le Secrétariat de 1°0CDE a construit un modéle d’équilibre général
dynamique, multi-sectoriel et multi-régional afin de quantifier les cofits
induits aux niveaux macroéconomique et mondial par les politiques visant &
réduire les émissions de dioxide de carbone (COp). Le nom du projet est GREEN,
par référence 3 "GeneRal Equilibrium ENvironmental model". L’objet de cette
publication est de fournir une documentation technique- compléte du modéle
GREEN, des données et de la paramétrisation dans la version disponible en
‘avril 1992. La présente note remplace la version précédente du manuel technique
de GREEN qui a été diffusée en juin 1991 sous la forme du document de
travail n® 104, :

‘Copyright OECD; 1992



Contents

I. Introduction ........ i, e e T

II. Model overview ..... S .
A. Single-period equilibrium ............... e

i)

ii)

iii)
iv)
v)

vi)

ProdUCtion . .uu ittt e
COMSUMPTAON . ottt ettt et ettt it
Government .......... e e e e e e e e e
Policy instruments ........... e e e e e
Foreign trade - ... .. .. ... . ... e
Closure .............oiuu.n. e .

B._Dynamics ........ e e e e e e e e e e e e e e
C. Dimensionality and dynamic calibration ..... e e e

III. Technical specification ...... ... . . ... . . . e
A, Prices ...eovvrurrnninennnnnn.. PRI e P
B. Production: demand for primary factors and intermediate
goods ......... S e e et e
C. Final demand ............... e e e e

i)
ii)
iii)
iv)
v)

Household consumption ...................coenn.. e
‘Investment and change in stocks ...........................
Government .............. e e e e e i e e

Foreign trade ..... e e e e e :
Trade in emission rights ..........vveiiinn i nnennnnn..

D. Supply of primary factors and mobility of capltal B

i)
ii)

Price sensitivity of fixed factors .................cco..n..
Mobility of old capital across sectors ..........ceevveeunn

E. CloSULE ...ttt e ittt e
F. Equilibrium ...... ... .. ... .. i i e e
G. Dynamics .................... e e e e e e

i)
ii)
iii)

Capital accumulation ........... ...t ..
Short- and long-run elasticities .............vivunnn...
Resource depletion sub-model ......... PEPIIP S

"H. Welfare measures ...............c..cciimenneannivinnnn e
I. Solution algorithm ..... ... ... . ... it i ittt

Iv. Data

.............................................................

A. General overview .............. PO
. B. Issues in collecting intermediate and final demand data ......

V. Parameterisation ................. .. ... .. e,

A. Econometric estimates .............ootiiiiiiiiiiiieaiaennn. .

i)
ii)

Inter-factor elasticities of substitution ............. ces
Inter-energy elasticities of substitution .................

B.  Parameterisation of othermodels ......... ... .. il
" C. Parameterisation of GREEN ................... S P

- VI. Calibration ....... i iinnnnnan e e et e e

References.

P T T e N T T S S S O T R R N I B R A

14
14

16
25
25
31
35
38
39
40
40
40
41
41
43
43
44
44
47 .
49

49
49
51

51
53

53

55
56

57

58

69






GREEN -- A MULTI-SECTOR, MULTI-REGION DYNAMIC GENERAL
EQUILIBRIUM MODEL FOR QUANTIFYING THE COSTS OF CURBING
CO, EMISSIONS: A TECHNICAL MANUAL

'..bY.

Jéan-Marc Burniaux, John P. Martin, GiusepbeNicoletti
and Joaquim Oliveira Martins'

1. INTRODUCTION

The OECD Economics and Statistics Department has developed a global applied
general equilibrium (AGE) model, covering four OECD regions and eight non-OECD regions,
with the objective of quantifying the economic effects of policies aimed at reducing emissions
of carbon dioxide (CO,) in the atmosphere. The project is called the GeneRal Equxhbnum
ENvuomnental model, hereafter referred to as GREEN. ' _ .

This paper updates the technical documentation provided in Burniaux, Martin, Nicoletti
and Oliveira Martins (1991) and describes the version of the model that' was operational by
Spring 1992. With respect to the previous version of GREEN, the current model has an
extended time horizon, -a complete world closure with a finer regional disaggregation and
incorporates a putty/semi-putty production structure, backstop technologies, endogenous oil
price determination and a treatment of energy price distortions.

The structure of the paper is as follows. A brief non-technical overview of the model
precedes a more complete description of its specification. The construction of the benchmark
data sets is described in Section IV. The key parameters of GREEN are-identified in
Section V and values are assigned to them, drawing partly on a review of the relevant
economic literature. The final section discusses the calibration of the model.

II. MODEL OVERVIEW .

GREEN is a multi-sector, multi-region, dynamic AGE model for 'cvaluating the costs
" of policies to reduce CO, emissions. It curfently includes twelve regional sub-models: four
OECD countries/regions -- United States, Japan, the EC and the other OECD countries -- and
-eight non-OECD regions -- the former Soviet Union, China, the energy-exporting LDCs -
(mainly OPEC), the Central and Eastern European Countries (CEECs), the Dynamic Asian
‘Economies (DAEs), India, Brazil and the Rest of the World (RoW). All regxons are linked
together by bllateral world trade matrices. _

The model highlights the relationships _between depletion of fossil fuels, e:wérgy
production, energy use and CO, emissions. Therefore, the main focus is on the energy sector.
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Three sources of fossil fuels -- oil, natural gas and coal -- and one source of non-fossil
‘energy, the electricity sector, are distinguished. In addition, non-conventional energy sources -
-the so-called "backstop technologies"-- are assumed to become available in the course of the
simulation period. The production side of each regional model describes in a detailed way the
supply of fossil fuels and the use of fossil and non-fossil energy inputs in the productive
process. Some allowance is also made for shifts in the composition of production by treating
agriculture as a separate sector and by distinguishing between two broad aggregates, energy-
intensive industries and other industries and services.

The current version of GREEN has a simple recursive dynamic structure, in which
'saving decisions affect future economic outcomes through the accumulation of productive
capital. Finm’s investment decisions are not modelled and investment is computed residually.
The model includes factor-market rigidities, which make capital (pama]ly) sector-spemﬁc and

imply a dxstmcnon between "old” and "new"” capital vintages.

- GREEN is currently simulated'over the 1985-2050 period, in five steps of five-year
intervals up to 2010 and two further steps of twenty-year intervals. In each region, the base
model is calibrated on exogenous growth rates of GDP and population and on neutral
technical progress in energy use. '

Given the recursive structure of the model, the evolution over time of the economy

can be descnbed as a sequence of smgle—perlod static tempora.ty equilibria. The characteristics
of these equﬂlbna are examined next.

A. Single-period equilibrium

.. (i) Production

_ The production block includes eleven sectors®. Five of them -- coal mining, crude oil,
natural gas, refined oil products and electricity, gas and water distribution -- concem ‘the
supply and distribution of conventional energy. Three additional energy sectors describe the
supply of non-conventional energy sources. The remaining three sectors -~ agriculture, energy-
intensive industries and non-energy intensive industries and services -- relate to the production
of goods and services.

'Each of ‘the four primary sources of energy -- coal, oil, natural gas and electricity --
can be replaced at some future date by altemative technologies, called "backstop". In GREEN,
backstop technologies are defined by three characteristics: (i) they become available at a given -
identical time period in all regions; (ii) the backstop product is produced at a constant
marginal cost and in unlimited quantities; and (iii) its price is exogenous and identical across
regions. For each of the three fossil fuels, two alternative backstop technologies are assumed
to exist: a carbon-based backstop which produces a synthetic fuel with a higher carbon -
content than the conventional technology and a carbon-free backstop fuel. A single carbon-
free backstop technology is also available for producmg electricity. The carbon-based and
carbon-free backstop technologies are identical for coal, oil and natural gas. Table 1 provides
the list of the eleven conventional and backstop production sectors of GREEN.



In each conventional sector, gross output is produced using the four primary energy
sources or their backstop altematives, refined oil products, a fixed factor (land, a fossil fuel
or a carbon-free resource), capital, labour and intermediate goods and services’. Due to -
" GREEN’s dynamic structure, in each period two kinds of capital goods coexist, "old" capital,
which was installed in previous periods, and "new" capital, which results from current-period
investment. Finally, it is assumed that conventional energy and intermediate inputs can be
obtained either from domestic or foreign suppliers. Backstop products are produced using only
capital and labour and are not traded, since by assumption their supply is unlimited and their
price is constant and identical across regions*. '

In each period, the supply of primary factors is usually predetermined. However, there
are important exceptions. First, while the supply of new capital is predetermined, old capital
available to each sector is partially dependent on its: own rental value. The structure of
second-hand capital markets will be described: below. Second, land, the conventional carbon-
free resource, crude oil, natural gas and coal are all assumed to be sensmve to their
contemporaneous prices.

The upward-sloping supply curve for land accounts for the possibility of brmgmg
marginal land into exploitation. Own-pnce sensitivity of the carbon-free resource 1s a proxy
for time-to-build adjustment costs in the nuclear sector. Crude oil and natural gas are assumed
to become sensitive to their prices only when po:entnal supply (whose determination is

described below) exceeds demand. In this latter case, the supply curves for oil and gas
~ account for pressures due to extraction costs. Fmally, the elasticity of coal to its price is
assumed to be finite but large.

Over time, the potential supply of fossil fuels is assumed to be resource-based. While
coal reserves are assumed to be infinite, supplies of crude oil and natural gas are described
by a resource depletion submodel, which is part of the dynamic structure of the model.
However, the depletion sub-model allows for some price-sensitivity of potential supply or,
alternatively, of ultimate resources. -

“In summary, two output concepts can be distinguished for crude oil and gas. Potential
output is determined by the depletion mechanism, which may be sensitive to the prices of the
exhaustible resources. Actual output is determined by the supply curve for the fixed factor,
which also depends on prices, but is bounded above by the potential supply profile. At each
point in time, oil and gas producers can supply less than potential output at the given market
prices’. In this case, future reserves and the time profile of potential supply are affected.

All sectors are assumed to operate at constant returns to.scale and share a common
production structure, which is depicted in Figure 1. The quantities of all inputs are optimally
.chosen by producers in order to minimise production costs given the lével of sectoral demand -
and relative after-tax prices. Simplifying assumptions on the available technology make it -
possible to separate the decisions of producers into several stages®. First, producers are -
assumed to choose the mix between intermediate inputs and a composite input including all
primary factors (capital, labour and the fixed factor) and energy. Second, the subdivision of
this composite input among labour and the. other primary factors is decided. Third, the mix
between energy and the capital/fixed factor bundle is chosen. Fourth, the energy bundle is
allocated among coal, oil, gas, refined oil p_roducts and electricity. Fifth; the optimal mix
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between conventional and backstop technologies is determined for each of these energy’
sources. Sixth, the mix between capital and the fixed factor is determined. Finally, demand
for traded intermediate and energy inputs is allocated among domestic supply and imports.

Other simplifying assumptions restrict the range of substitution opportunities among

inputs at each stage of the production process. In all sectors, it is assumed that intermediate

inputs per unit of gross output are fixed. Similarly, the per-unit input structure of the

capital/fixed factor bundle is assumed to be fixed. Finally, all inputs are assumed to be used

in fixed proportions in the production of conventional and backstop fuels, petroleum products
and backstop electricity:

, An important feature of production in GREEN is the distinction between old and new
capital goods. This. depends on the presence of adjustment costs, which reflect the economic
irreversibility of capital formation when markets for second-hand and new capital goods. are
incomplete. Costs associated with the dismantling or building of plants are proxied by two
assumptions: the production technology is putty/semn-putty and the begmnmg of-period capital
stock is partially mobx]e across sectors’.

The putty/semi-putty assumption implies that, at all stages of production, substitution -
among inputs using old vintages of capital is smaller than substitution among inputs using
new vintages. Under this assumption, the way sectors adjust to relative price changes partly
~ depends on the relative proportions of new and old vintages in the capital stock

Partial mobility of old capital reflects differences in the marketabmty of capital goods
across sectors. Goods such as oil rigs have few alternative uses while trucks and warehouses
can be easily diverted from their original, sector-specific uses. In GREEN, costs related to
lack of marketability are proxied by sector-specific supply elasticities for existing capital,
which restrict mobility of old capital across sectors. This approach has two implications. First,
equilibrium rental values for old capital may be lower than for new capital goods and may
differ across seéctors. Second, in each sector (and in the aggregate), the supply of old
capital i.e. disinvestment, is not predetermined, but depends on the ratio of rental values of
old and new capital. '

" For simplicity, it is assumed that old capital goods supplied in second-hand markets
and new capital goods are homogeneous. Therefore, in each period, the demand for new
capital vintages is equal to the sum of gross investment and aggregate disinvestment and a
single rental value is determined for the new vintage of capital. This formulation makes it
poss:ble to introduce downward rigidities in the adjustment of capital without excessively
increasing the number of equilibrium prices to be determined by the model®. At the same
time, the possibility is left open to introduce imperfect substitution between old and new
capital in some sectors, therefore allowing for sector-specific rigidities (e.g. in the elecmcxty
sector).

The final element in the production sub-model concems the determination of producer
prices. Once the optimal combination of inputs is determined, sectoral output prices are
calculated assuming competitive supply (zero-profit) conditions in all markets. There is a
single real world price of crude oil in the model, reflecting the assumption that oil is an
homogeneous commodity in world markets. This price is detemuned by competmve behaviour
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of suppliers in the energy-exporting LDCs region’. As mentioned above, there are also single
world prices for each of the backstop products and these prices are exogeneous. Since each
_sector supplies inputs to other sectors, output prices -- which are the cost of inputs for other
sectors -- and the optimal combination of inputs are determined simultaneously in all sectors,
conditional on the exogenous backstop prices.

(ii) Consumption

A single representative consumer is assumed to allocate optimally her/his disposable
income among four broad consumer goods -- food and beverages, fuels and power, transport
and comununication, other goods and services -- and saving. Consumption aggregates differ
from the' outputs of the eight production sectors and were chosen in order to highlight the
principal components of final demand for energy. A matrix of fixed coefficients -- a so-called
“transition matrix" -- is used to convert demand for consumer goods and services into demand
for energy and other producer goods, and to compute prices of consumer goods from producer
prices. While the energy intensity of consumer goods is a technical datum given by the
transition matrix, their fuel composition is assumed to be optimally chosen by consumers'
Finally, it is assumed that consumer demand can be satisfied by either domestic or foreign
suppliers. : ' '

- The structure of .ho_usehold demand is depicted in Figure 2. The consumption/saving
decision is completely static. Saving is treated as a fifth "good" and its amount is determined
simultaneously with the demands for other goods The price of saving is set arbitrarily equal
to the average pnce of consumer goods''.

Appropriate assumptions on consumer preferences make it possible to separate
consumption decisions into three stages. First, given their disposable income and prices of
" consumer goods, consumers make an optimal allocation of income among saving and the four. -
consumer goods. At this stage;, the model of consumer demand allows for different income
elasticities across consumer goods'?. Demands for consumer goods are translated into .
demands for producer goods and energy by the transition matrix. Second, given the energy
intensity of each good and the prices of the.various fuels, consumers choose an optimal mix
of fuels. Third, the demand for each good is allocated optlmally to domestxc and foreign
markets, as a function of domestic and import prices.

All income generated by economic activity is assumed to be distributed to consumers.
Therefore, consumers make their choices based on (i) income from labour and capital (old
and new); (ii) rents from fixed factors and other rents associated with crude oil and back-stop -
products; and (iii) government transfers net of taxes. Saving is assumed to take the form of
purchases of investment goods, since no financial intermediation is incorporated in the model.

(iii) Government

The government collects carbon taxes, income taxes and indirect taxes on intermediate
inputs, outputs and consumer expenditures. These taxes influence the decisions of economic
agents by changing relative prices and/or disposable income. Existing distortions in the
relative prices of energy inputs are explicitly modelled as taxes or subsidies on intermediate
and final demand for energy. Tax revenues are endogenous in the model, since they depend
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on the level of economic activity. In addition, under the closure typically used in GREEN (see
below), the income-tax rate is adjusted to compensate for variations in the budgct caused by
changes in carbon tax revenues.

Government expenditures are allocated among transfer and non-transfer expenditures.
Both types of expenditures are exogenous in real terms, with real expenditures growing at the
same rate as GDP. Total non-transfer expenditures are allocated among primary factors and
intermediate goods in order to minimise govemment costs.

(iv_) Policy instruments
(a) Carboh tax

The carbon tax is an excise tax, which is expressed as a fixed absolute amount of US$
per ton of carbon emitted. Therefore, in contrast with ad valorem taxes, its level per unit of
energy does not vary with shocks to energy prices. The tax is fuel-specific, since it varies
directly with the CO,-emission coefficients of oil, coal, natural gas and the carbon-based
backstop. It is applied at the level of consumers of primary fuels only, i.e. the tax is applied

equally on domestic and imported uses of primary fossil fuels. Thus, for example, refineries
~ are taxed on their use of crude oil, but firms using domestically refined petroleum products
are not taxed. On the other hand, imports of refined oil products are taxed. The tax is applied
prior to any indirect taxation of refined oil products. The distinction. between a productmn-
and a consumption-based carbon tax would affect assessments of international incidence".

- Technically, in each region, the tax can be imposed or computed as the equilibrium
shadow price that would be paid for an additional ton of CO, emissions when a given
constraint on total emissions. is imposed. The resulting tax level is then converted mto fuel-
specific taxes, based on the emission rate of each type of fossil fuel.

(b) Energy tax

The energy tax is an excise tax, which is expressed as a fixed absolute amount of US$
per Terajoule. It is a tax on the energy content of energy demand which is applied at the level
of consumers of all primary energy sources, including the carbon-free electric energy"
Since each primary energy source has a specific carbon content, an energy tax equalise the
marginal cost of reducing CO2 emissions across sectors. As with a carbon tax, the energy tax
~ can be imposed or computed as an equilibrium price associated with a given constraint on
total emissions:

The energy and carbon taxes can be combined to yield a mixed carbon cum energy

tax. The range of taxation instruments in GREEN for curbing CO2 emissions is described
below:

10



Carbon tax

Energy tax '

Energy cum carbon tax

Equilibrium tax

Defined in 1985 USS$ per
ton of carbon.
Shadow price of a carbon
emission constraint.

Defined in 1985 US$ per
Terajoule. Equilibrium |
price resulting from a

carbon emission
constraint,

Weighted average of a
carbon tax and an energy -
tax, with exogenous
weights. Equilibrium
pnce resulting from a
“ carbon emission
constraint.

Exogenous tax

Defined in 1985 US$ per

Defined in 1985 USS$ per

Weighted average of a

ton of carbon. Terajoule. carbon tax and an energy
- » . tax, with exogenous
. weights.

(c) Trade in emission rights

GREEN allows for the possibility that any global agreement to curb. CO, emissions |
could include a provxsnon allowing countries to trade rights to carbon emissions. In this case,
a single constraint on carbon emissions is imposed at the world level. Countries are endowed
with initial quotas of emission rights. In principle, this initial allocation is arbitrary and could
be designed to achieve a range of international distributional objectives. In the current version -
of the model, the initial distribution is made equal to the upper bounds on emissions imposed
in the no-trade situation. A single world price of emissions is determined as the carbon tax
level associated with the world emission constraint, and countries can trade emissions rights
freely in world markets at this pricc" . As a result, countries for which the world carbon tax
is higher than its pre-trade level will sell rights, while countries which find themselves in the
‘opposite situation will be net purchasers of rights. '

In GREEN, trade in emission rights corresponds to exchanging a special kind of
commaodity across countries. It generates a monetary counterpatt, which is reflected in a net
inflow or outflow of income in countries that sell or buy emission rnghts It is assumed that
these income flows affect government revenues.

(v) Foreign trade

The world trade block is based on a set of bilateral matrices that describe how price
and quantity changes in national economies affect world markets. Trade flows depend on both
country supplies and foreign import demands. For each tradeable good, imports are derived
from demands of producers and consumers. As explained above, given agents’ optimising
behaviour, import demand depends on the relationship between domestic and world prices,
the latter being composite prices based on (gross-of-tax) export prices of trading partners.

“The basic assumption is that imports originating in different countries are imperfect
substitutes. Therefore, in each country, total import demand for each good is allocated across
“trading partners according to the relationship between their export prices. On the other hand,
exports and domestically-sold goods are treated as perfect substitutes. This specification of
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imports -- commonly referred to as the Armington specification -- implies that each country
~ faces downward-sloping demand curves for its exports. In the Armington specification, export
prices for any commodity may differ from world prices and a country may both export and
import goods in a ngen sector. In this way, the model captures the phenomenon of intra-
industry trade.

‘The Arnmington specification is implemented for all goods except crude oil, which is
assumed to be a homogeneous commodity'®. The world price of oil is determined by
marginal costs of production in the energy-exporting LDCs region, given the world demand
for oil. At this price, the other regions competitively allocate their demand for oil among
domestic supply and imports. Real domestic prices of oil may vary across countries, reflecting”
real exchange rate changes'’. Oil-trade flows and market shares result from the balance
between domestic demand and supply of oil at given real world prices.

Countries can, in principle, run current-account surpluses or deficits in the model. The
counterpart of these imbalances is a net outflow or inflow, respectively, of capital, which is
subtracted from or added to the domestic flow of saving. No account is taken of intemational
income flows associated with changes in stocks of net foreign assets.. ‘

(vi) Closure

- In each period, the model equates gross investment to net saving. Net saving is the
- sum of saving by households, the depreciation of capital, the net budget position of the
government and foreign capital inflows, which result from the current account balance. In the
current version of the model, the govemment budget and the cutrent account are fixed in real
terms at their benchmark-year values

As 1nentioned above, changes in the govemment budget induced by carbon tax’
revenues are compensated by offsetting changes in the marginal income tax rate.This
approximates revenue-neutrality, which is considered the appropriate closure to apply to the
- government sector for long-term simulations. Since government and foreign trade imbalances
are exogenous, investment is almost entirely savings driven.

B. Dynamics

GREEN is a recursive model. The flow of time is expressed by growth or contraction
" of base-year stocks of resources. Agents are assumed to be myopic, basing their decisions on
static expectations about prices and quantities'®. Therefore, the development of the economy
over time is characterised by a sequence of period-related, but intenemporally uncoordinated,
flow ethbnaz’ The dynamics in GREEN orlgmate from two sources, depletion of
exhaustible resources and capital accumulation. :

‘A resource depletion submodel is specified for oil and natural gas. The submodel
determines potential supply of these exhaustible resources as opposed to acrual output, which
is determined by the supply function for the corresponding fixed factors. Potential supply is
assumed to depend on the initial levels of proven and unproven (so-called "yet-to-find")
reserves, the rate of reserve discovery and the rate of extraction. It is assumed that.ultimate
reserves, i.e. the sum of proven and unproven reserves, are predetermined in each period. The
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rate of reserve discovery is the rate at which unproven reserves are converted into proven
reserves, while the rate of extraction is the rate at which proven reserves are converted into
potential supply. Whether potential supply increases or decreases over time depends on
whether extracted resources are balanced by newly discovered resources. However, given a
fixed resource stock, long-run supply necessarily declines as resources are exhausted. For
given rates of extraction, this decline is faster the 1arger are the rates of dxscovery and the
ratio of proven to unproven reserves.. :

An important feature of the resource base sub-model is that thg rate of reserve
discovery or, alternatively, the level of unproven reserves may be sensitive to the prices of
oil and gas. Therefore, changes of these prices over time, such as would be expected after the
introduction of carbon taxes, may affect the pattern of resource -depletion.

In the aggregate, the basic capital accumulation function equates the current capital
stock to the depreciated stock inherited from the previous period plus gross investment.
However, at the sectoral level, the accumulation function may be different because industries
are allowed to disinvest faster than their (sector-specific) deprecxanon rates.

Sectors are assumed to disinvest when their demand for capital in any period is less
than their depreciated stock of old capital. As explained above, the extent of disinvestment
is determined by the ratio of the sector-specific rental of old capital to the economy-wide
rental ‘of new capital, within the restrictions imposed by sector-specific disinvestment
elasticities. Moreover, in disinvesting sectors, gross investment is zero since -- due to the
assumption of homogeneity in demand between second-hand and new capital -- industries
cannot both disinvest and invest at the same time. Therefore, these sectors contract over time
releasing old capital resources that are acquired by expanding sectors as part of their new
capital vintage. In each period, the new capital vintage available to expanding industries is
equal to the sum of disinvested capital in contracting industries and total saving generated by .
the economy, consistent with the closure rule of the model. '

C. Dimensionality and dynamic calibration

In each region and in each period, equilibrium is characterised as a set of prices of
goods and primary factors that equate supply and demand in all corresponding markets. The
basic equilibrium prices searched for by the solution algorithm in simulations are: (i) the
rental values of new and old capital goods®'; (ii) the real wage; (iii) the prices of coal, gas
and the carbon-free resource; and (iv) the price of land; and (v) the world price of oil. In
counterfactual simulations, the solution algorithm computes, in addition, the carbon or energy
tax needed to satisfy the constraint on carbon emissions. With trade in emission rights, a
single carbon tax is computed for the regions involved in trade, while one tax level per region
is computed when there is no trade is emission rights.

In simulations, model dynamics are calibrated in each region on exogenbus GDP and
population growth rates and on given Autonomous Energy Efficiency Improvements (AEEL),
which are rates of neutral technical progress in energy use. Under the maintained hypothesis
of balanced growth, these exogenous growth rates imply rates of neutral technical progress
in the capital/labour/fixed factor bundle”. In counterfactual simulations, population growth,
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AEEI, and technical progress associated w1th the capxtal/labour/ﬁxed factor bundle are
exogenous and GDP growth rates become endogenous

ITI. TECHNICAL SPECIFICATION®
A. Prices

All supply and demand functions are assumed to be homogeneous of degree zero in
their arguments. As a consequence, only relative prices are important for the determination
‘of the quantities of goods supplied and demanded. All prices are deflated by a numéraire,
which is the price of labour in the Unitea States. In addition, it is assumed for simplicity that
all prices are equal to one in the base year. In this way, the benchmark data set may be
assembled in value terms, with no need to specify underlying volumes.

The assumption that the price of a factor is the same across sectors in each period is
in contradiction with the reality of a dispersion of wage and rental rates for labour and other
primary ‘factors. However, quantities are implicitly measured in "efficiency” units that differ
from observed physical ones. Given this assumption, any difference in factor quantities across
sectors corresponds to differences in adjusted magnitudes. In making this adjustment, the
implicit assumptlon is that observed differences in relative factor prices reflect differences in .
efficiencies®.

In each region, the basic prices to be determined in equilibrium are the following:

_ o _

rx" -and riK rental rate of new capital and sector-specific rental rates of old
-capital in declining sectors;

w : wage rate;

d : rental rates of fixed factors (f = Iand coal, natural gas, ca:bon- |
free resource);

T¢ . . .carbon tax in US$/ton of CO, emissions;

T3 : : 25
T : energy tax in US$/Terajoule™.

In addition, bilateral world trade patterns determine the import price of each commodity in
each region except the prices of backstop products. These prbducts are assumed to be non-
traded and their prices are crucial exogenous variables in the model. In each region, the world -

“import pn'cé of commodity-i (i = 1y 2, 4, 5, 6, 7, 8) is denoted P,-WT and is calculated as a
weighted average of the export prices of trading partners [see sub-section III.C.(iv)]. The.
single real world price of oil is denoted P°. The exogenous real world prices of the backstop
products -- the carbon-based fuel, the carbon-free fuel and the carbon-free electric option --

D D . 26
are denoted P”{’ sz, Pb3, respectively™.
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o ) - - - -
Defining P = (X", 1", w, )] P = [P""] ( # 3) and P® = (P, , P, , P,),

. 3
equilibrium producer prices in each sector (P;) ultimately depend on prices of primary factors

and imports, the world price of crude oil, the carbon (or energy) tax and the exogenous prices
of backstop products: ' ‘ '

P, = (P, P, P°, T; P”)

GREEN includes’a range of distortions such as income taxes, indirect taxes and subsidies. In
addition, the main policy simulations involve the introduction of taxes on the consumption
of fossil fuels. Since the relevant prices for producer and consumer behaviour are the market
prices at which transactions take place, it is necessary to distinguish between before- and
after-tax prices. '

‘ .GREEN’s fiscal structure incorporates import tariffs and ad valorem taxes or subsidies

on all intermediate inputs”. In addition, as will be explained below, the excise carbon (or
energy) tax T translates into fuel-specific ad valorem taxes. Denoting by 7° and ' tax rates
on domestic and imported intermediate goods, after-tax prices for non-energy goods (i = 1,
7, 8) can be defined as follows: ‘

PT.D = P, (1+ T?)
PT! =P (1+ 1)

Denoting by -cfu fuel-specific tax rates (i = 2, 3,4, 5, 6, b,, b,,b;) and by RE the (region-
specific) real exchange rate, after-tax prices for fuels can be defined in a similar way™,

PEP =P (1 + /)1 + <7)
PF. =PY (1 + %1 + <))

with P, = P"" = P-RE (i =3), P,=P"" =P, -RE (i=2,3,4, m=1,2) and

P, = P‘.WT = 13,,3- RE (i = 6), reflecting the assumption that crude oil and the backstop
products are homogeneous goods across countries.

Producer prices are converted into consumer prices (PC,) using transition matrices for
domestic and imported goods -- denoted TR® and TR', respectively [see sub-section HI1.C.
(i) and Figure 4]. The columns of these matrices describe, for each consumer good, their per- o
unit content in terms of producer goods. Therefore, the after-tax price of each domestic or
imported consumer good (PCjD ahd PCj', respectively) is an average of the prices of
domestic or imported producer goods, weighted by the column shares from the transition

. D ! .
matrices (¢r; and try, respectively):
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PCJ‘D=Z.178 v ! ZG tr PF] E-b,bz,b, PF, | )

i1 { / (
PC/ = Y, \aa s PT + X0, try PF, | (2)

. Dy . ! w40 D
with TRD"'[”U I ml=[trii]’ Zi try = Ei rril' =1

B. Production: demand for primary factors and intermediate goods

 The production side of GREEN includes eight conventional sectors and threc'backs_mp
sectors (see Table 1). The production structure varies across these eleven sectors. In the
production of backstop products, technology is characterised by a Leontief specification. In
the other sectors, Leontief and nested-CES specifications are combined at different levels of
production. When substitution among inputs is allowed, a putty/semi-putty production
technology is assumed, implying that substitutability among inputs at each stage of the
production process is different depending on the vintage of the capital stock. Therefore, in
each sector, gross output is the sum of outputs from the old _and new vintages of capital.

~ Description of the nested- CES technology applying to output from old and new capna.l '
vintages will be simplified by the following short-hand notation, which will be maintained
throughout the text. At any $tage s of the productxon process in sector i and for any set of
~ inputs Z,,.. ,Zm and output Y,, the CES aggregator is defined as

1+py P

Y, = CESZyps Zyp Ny Py O 05) = (7 s (4 Z)) j1ePs

57

‘where,

| Al = technical progress affecting input j in sector i;

p,; = elasticity of substitution across inputs in sector i at stage s of the production process
(psi<0);

o’ = CES distribution parameter assocxated with input j at stage s of the producnon process
in sector i. '

Similarly, given .inpu't prices p,,-.-,P,, the associated dual unit cost of producing Y, is
defined as™":

= Uc(p]r"’ P,,s A{; P,p a:-g'r--_s a;} = {Z; (“iJ)-p’ (A{ pj)l‘pd')l’pd
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In backstop sector m (m = b,, b, ba),-groés output Q_ is produced using labourL_
and capital K. Therefore, the production function for backstop product m is the following,

o L K
- : { m{ m . 3
Q, mm——lm,——km} | 3)

In conventional fossil-fuel sector i (i = 2, 3, 4, 5), gross output Q, is produced using
fixed proportions of labour L;, capital K, a fixed factor F,, non-energy intermediate inputs X, -

(i =1, 7, 8) and the energy bundles FU; (s = 2, 3, 4, 5, 6), where X, and FU represent

quantities sold by sectors j or s and purchased by sector i according to the transactions matrix
of the input-output table. A CES technology makes it possible to substitute conventional fuels,

denoted F UC (s = 2, 3, 4, 6), with backstop inputs, denoted FU; 8 (s =b, b, b,), in the
production of coal, oil, gas and petroleum products. Fixed factors are allocated among fossil-
fuel sectors as follows: F, is coal, F, is crude oil and F, is natural gas. It is assumed that no
fixed factor is used in the production of petroleum products. Denoting by lower-case letters
the ratios of inputs to sectoral gross output and using the notation introduced above the
production function for fossil-fu€l sector i can be expressed as follows,

X, X, X, FU F L, K, F,
Q{I = min{(_l." _Z! —Ei)r ( 2' ] )1 Ty T }
X X ﬁ‘z: ﬁ‘s- L k f;

FU, = CESIFU;,, FUy, FU,, % P W g @) @)

. o : b
FUg = CES\FUg, FU; por @5 a4

withs=2,3,4andF, =0 fori=>5.

In agriculture, electricity production, energy-intensive industries and other industries
and services (i = 1, 6, 7, 8), non-energy intermediate goods remain fixed at benchmark-year-
levels per unit of gross output. Similarly, a Leontief specification is maintained for the
capital/fixed factor bundle. However, in these sectors the production technology allows for
substitution between labour, capital and the various energy sources through a nested-CES
specification. Nesting is obtained by assuming weak separability between subsets of primary
inputs. As in the fossil-fuel sectors, the nesting hierarchy bundles together in the innermost

nest the conventional primary sources of energy FU¢ (s=2,3,4,6) and their backsto
P

substrtutes F U ; m=Db,, bz, b,) into fuel aggregates denoted FU, (s = 2, 3, 4, 6). Next, these '
fuel aggregates and petroleum products -- FU, (s = 2,..., 6) -- are bundled into an energy
aggregate denoted E. In the intermediate nest, the cap-ital/ﬁxed factor composite good
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-- denoted KF, -- is bundled with the energy aggregate, yielding a composite good denoted
KEF, Finally, this composite good is bundled with-labour to yield a composite good denoted
KLEEF,, which is combined with non-energy intermediate inputs to produce gross output. The
fixed factors are land for agriculture (F,) and the carbon-free resource for the conventional
electric sector (Fy), while no fixed factors are assumed to be used in the industrial sectors (i
=17, 8). '

The mixed CES-Leontief production function for gross output (from old or n‘éw
vintages of capital) in sector i (i = _l, 6, 7, 8) can be written as follows,

Xy Xy Xg KLEF,

Q, = min{(—, —=, , %) (5)
¢ X, Xy x&. klef, o
KLEF, = CES(L, KEF, A}; p,, @y, a3} (6)
KEF; = CES(E, KF,, AL Pap i aZi} (7)
E, = CES(FU,,,..., FUg p, 'a§,.,.., o) - ®
FU, = CESIFU, FU}, FUZ; 0l 0l ag a’) ()
 FU,, CES{FUG,, FU,, ;i p4,, S, a) o (10)
| | AK,& AF, - |
KF, = min{—- 11} : : (11)
. . K F
a; a;
L .A:Ki :F__AtFi :
where s =2, 3,4, and the parameters a; = — and q; = -EI-:— are fixed at their

: i i
benchmark-year values®'

Producers are assumed to minimise their after-tax costs of production, given the
technology described by equations (3)-(11). Due to the assumption of weak separability
among inputs underlying the nested-CES structure, the optimisation problem of the producer
can be formulated in several steps. Denoting the after-tax (composite) price of conventional

and backstop fuels by PF,C and PF_‘B, re.spectively, and the unit costs of the bundles KEF,

E, FU, and KF by c*FF, cf, cfu and c¥¥, respectively, the following first-order conditions
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characterise the optimal choice of labour, the capltal/ﬁxed factor bundle, the energy bundle
and fuels in sectori (i=1,6,7, 8):

LT e I | (12)
KEF 2
keF .2 "KEF, |
KF 1 L _
G P (__KF")"H (13)
£ 2 " E. .
FU s a1
Ci | S (___FU"')"w (14)
CFU a;,' FU" . C

withr,s =2, 3,4, 5, 6 (r # s); and the following conditions characterise the choxce berween
conventnonal and backstop inputs in sector i (i= L. 4 6,..., 8):

(15) ~

B b g, B L
PFbl a4: FUbI'

B b.
PFy o FU,,
withm = b,, b, for 1 = 2,3, 4; and m = b, for I = 6.

The unit costs c&%F, &, csFU, cXF -- as well as the unit cost of the composite input

KLEF -- are the duals of production functions (6)~(11) above:
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C,-KLEF = UClw, c,.KEF, A,.L; p“,‘a},.,' afi}_ . - (16)

¢ = uclkef, ¢, AL pyp g «s} (17)
= UCley; s, cgu, P a., a3 ' (18)

= UCIPF, PF,,, PFy; Py a,’,,, a,,;, ag) (19)
e’ = UCIPFE, PFY; 05, ol ag) (20)
ek = a,.”r“”+ a,-FP,.f | | | 2n

with 1= 2, 3,4 and c,, = PF, , reflecting the assumpnon that backstop products are
substitutes for primary energy sources only. :

Substituting the first-order conditions (12)-(15) into equations (4) and (6)-(10) and using the
unit costs definitions (16)-(21), it is possible to derive the producer s opnmal demands for the
composite mputs at each stage of the production process:

g = klef (c"“-"’ ou (—= )"" ‘ (22)
- d“ .
. c!czr
kef, = kief, (c""F")Pu ()" (23
' : afi ’ '
, - i | |
F.-p Py
Ky = € | (24)
@2
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E

_ C; g .
e = (c; )" (=)™ (25)
. ol o )
. U
a:’ﬁll - (CiE)‘in (___“___)93. (26)
. « .
e . . PFS . .. |
af = (e (= (27)
&4
ﬁl’ L. FU. "P’ PF: pl ’ ‘
G = (ci ) (""‘m—) “o o . - (28)
Oy
L. KEF KF, FU, .c FUS :
Where li-—-*"', ke’f;z_._._!, l':-'—l', el--f_—l—, a;ﬁ"‘:—ﬂ7 aﬁlcz z (S = 21"76))
Q, Q, KEF, ' KEF, * E T FU,
wr FUg _ o .
Ay = (m=b,b, forl= 2, 3,4; and m = b, for1 = 6).

li

'Equations (23)-(28) make it ppssible to compute the optimal c,apital/oﬁtput (k,) and .
fixed factor/output (f;) ratios as well as the optimal technical coefficients for the intermediate

demands for conventional and backstop fuels (fuy , fiur):
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R
]
J
R
>

o
"
&
x5
K
»

A el @)

B : y ]
Jupy = kef; - e '“g af,‘s.

. fors =2,.,6 and m = b,, bz,'wiih"afc =1 fors =5

Indicating by a superscript O (N) variables and parameters pertammg to producuon
w1th old (new) capxta.l vintages, unit-input requuements for gross outputs Q and Q are
completely determined by equations (22) and (29) -- given the elasticities of subsntunon p i o p i

(pﬂ < pp) the distribution parameters aj: , a:' -and technical progress Af° , }.j Once the
* input structure of old and new vintage outputs has been determined, ratios of primary inputs
and fuels to total output Q can be derived as a weighted average of old and new technical
coefficients,

=6, lf’ f(1-8) 1Y,
k=6, - kz'o + (.1' -6) . k.-N,
fi‘=ei'f;o+(l "et)'fiN' v | - (30)

fug =8 fug® + (1 - 8) fug",

fum =8, fum + (1 - - 8) - fulN,

0

“where 6, = ,§=2..6andm=by, b, b,

Q k
.Given these technical coefficients and the fixed input-output coefficients for non-energy

. intermediate inputs, unit-input requirements for gross output Q, are completely determined.
Given sectoral gross outputs, it is possible to derive sectoral demands for capital, labour, the

2



fixed factors and each of the intermediate goods. Sectoral demand for capital (K,) is the sum
of sectoral demands for old and new capltal goods, given the assumption of homogeneity in
demand of these types of goods

K, = k7 + k"

The final step consists in specifying substitution possibilities between traded
intermediate inputs. A crucial assumption is that all goods traded in world markets are
imperfect substitutes, with the important exception of crude oil*>. Consistent with this
assumption, producers can choose between domestic and imported intermediate goods. Within-

the given unit requirements of intermediate mputs 40 ﬁt_ﬂ.c' U’ =1,7,8s5=24,5, 6) they

are assurmed to choose the optuna] mix between domestic (x ﬁl_“ ) and nnponed (x4 fu )
components, according to the following CES aggreganon funcnons '

X

o |
= CESlx,, X5 Psp gy Gyl (31

fuf = CESfu?, fuh por wow @b (32)

It is assumed that, for each intermediate input the domestic and imported shares are identical

D p_p I
across sectors, i.e. “s;n Coy s a5,,--a,jk, L POC]. PR a&i—a&k for i # k. Therefore, given prices

for after-tax domestic and imported intermediate goods and conventional fuels, cost-
minimisation by producers, subject to equations (31)-(32), yields the following optimal mput-_
output coefficients: - . '

- -

% = % (PT) 5ou FT7 Lys . (33)
. asj :

; oy FT}

Xy = x, (PT)™ (=)™ )

for j =1, 7, 8; and,
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D

oy PF
fui = fug (PEOYTO (—) e
o
) PF‘I :
fug = fug (PFOY™ (—=5) (36)

fors=2,4,5, 6.

In equations (33) (36), the composite prices of intermediate goods and fuels, PT and

PF , are defined as CES aggregates of the prices of domestic and unponed goods and fuels,
' accordmg to the CES dual-cost aggregator defined above:

n

D 1
PT, UC{PTj. , PY}; Psp O agl

PFS = UCIPF?, PF); pg; ag, agt

Once technical coefficients for intenmediate goods, fuels and primary inputs have been
detenmined in each sector -- subject to the given price system -- three crucial matrices can be
constructed: the (11 x 11) domestic input-output matrix -- denoted AP —- the (8 x 8) matrix
of intenmediate import requirements -- denoted A'-- and the matrix of primary factor
“requirements -- denoted Af (see Figure 4).

The entries of AP are the domestic inpu_t-odtput coefficients,

A ='[x2, ful, x0, Xe» funm] with s=2,.,6,i=1.,11;m=b, by, by;

the entries of A! are-the unit import requirements of intermediate goods,
1 t 1 ! . ] A
=[xy ﬁgsi, Xy Xgi] With s=2,.,6;i=1,..8;

and the entries of AF are the ratios of primary factors to gross sectoral outputs,

= [k, I, f“] with f dzag[f“] i=1,.,11,
yleldmg a (13 x 11) matrix with f =0 for i=5,7,8, b,, b,, b

Given the (11 x 1) vector of sectoral gross output requirements, Q = [Q], téxal primary
factor demands -- denoted K, L, F,, F,, F;, F,, F¢-- and the (8 x 1) vector of imports of

intermediate goods -- denoted X' = [X,'] - are determined using the matrices AF and A"
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-
K o,

Fl

Fyl=4f . Q , X' =A"-|. (37)
FB

F, Q)

Fe}

On the other hand, given the assumption of constant retumns to scale in all sectors, the vector
.of gross outputs is determined by the (11 x 1) vector of final demands Y = {Y,], using the
inverse of the domestic input-output matrix: ' _

Q=U-A""Y o 38)

C. Final demand
(i) H ousehold consumption

Consumer goods are aggregated into four broad categories: food and beverages, fuel
and power, transport and communication and other goods and services (see Table 2). In each
region and in each period, consumers spend a fraction of their disposable income on these
goods, whereas the rest is saved and takes the form of purchases of capital goods.

Consumer’s_disposable income (YP) is defined 'as the difference between personal
income (Y) and income taxes -- levied at the same rate t* on all sources of income -- net of
government transfers (TRG): :

P=@1-1Y-v+TRG

where v is the intercept of the income-tax schedule.

It is assumed that all income generated by economic activity is distributed to
- consumers. Therefore, personal income is the sum of revenues from primary factors -- which
include incomes from labour and (old and new) capital as well as rents from fixed factors. --
plus other rents deriving from the differences in domestic and world prices of crude oil and
~ backstop products less depreciation of the existing capital stock®. Indexing by j expanding
sectors and by n declining sectors, denoting by (1 - §,) depreciation rates by sector and
denoting by R, (s = 3, b,, by, b,) other rents, personal income can be defined as follows:



ol s KRN KO :
Y =wL + ¥y Ki+ 3 1o K, +) r'F

- rk Ej a- aj)'Kj - En_(l -8 r"K K Zs=3-bw-»b:R

In each region, consumer demand is derived from utility maximisation by a single
representative consumer subject to a budget constraint. The structure of household demand
-- described in Figure 2 -- can be represented as a four-stage decision tree. First, consumers
choose the optimal allocation of disposable income across the four goods and saving. Second,
given the per-unit energy content of each good, they choose an optimal consumption-mix of
fuels. Third, for each fuel they choose the optimal mix of conventional and backstop products.
Fourth, they allocate their consumption of non-energy intermediate goods and conventional
fuels among imported and domestic supplies. Since consumer and producer good aggregates
do not coincide, the translation of consumer demand into demand for producer goods is
ensured by a transition matrix (see Figure 3). | :

Given the dynamic nature of the model, an important element of consumer decisions
is the allocation of resources between consumption and saving. In this respect, decisions can
be divided into two steps, subject to convenient separability assumptions. First, given current

‘prices and incomes, the consumer chooses an optimal consumption/saving allocation. Second,
given total current consumption, the consumer allocates it optlma]ly across the four goods

_ A useful analytical cha.racterisation of this two-step procedure is the so-called
Extended Linear Expenditure System (ELES). The ELES combines a Stone-Geary
specification of the consumer’s instantaneous utility function -- the so-called Linear
Expenditure System (LES) -- with an mtenemporal utility function, which is additively
separable over time (with a constant rate of time prefcrcnce) The main advantage of the
ELES over more conventional formulations is that it accounts for the consumption/saving
" choice while at the same time allowing for different income elasncmes across consumer
goods®. '

In the ELES framework, the propensity to consume out of (an appropriate measure of).
income is equal to the ratio of the rate of time preference to the rate of return on real and
financial assets, under the assumption that the consumer formnlates static point expectations
about future prices, rates of retum and labour incomes®. Moreover, under the additional
assumption that the consumer does not expect any change in future labour incomes, the
appropriate intertemporal concept of income coincides with current disposable income. On the
other hand, total consumption expenditure is the sum of optimal expendltures on individual

" categories of goods allocated according to the LES specification.

The household consumption block of GREEN is based on the simplified version of
the ELES proposed by Howe (1975). This version is derived from an LES in which saving
is treated as an additional "good" with zero minimum consumption requirement -- the so-
called "subsistence quantity”. Denoting the i-th consumer good by C;, real saving by o, the
per capita subsistence quantity of the i-th consumer good by ¥, population by POP and
defining C" = [C,,..., C,, O], the utility function is defined as,
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Uuic =Y.' B, In(C, - v, POP) + By In(o) (39)
where B, >0 G = 1,..5), C, 2 y,POP (i = 1,..,4), Y o=l

Given the above assumptions and denoting nominal saving by S, the consumer’s
budget constraint ¢an be expressed as, .

DLyE PCC S | (40)

Maxumsatnon of (39) subject to (40) and the ngen price system ylelds the followmg
demand system in expenditure fornt”’,

PC; C, = PC; y,.-POP + BYP - Zf; PC; v,-POP) i=1,.4 (@l

§ = B.S(YD - Ejl PC;: v,-POP)

In equation (41), the parameter P, is interpreted as the marginal budget share associated with
~ good i, as in the LES. In addition, B, can be interpreted as the marginal propensity to save
out of "supernumerary” income, i.e. the income available to the consumer once subsnstence
quantmes of all goods have been purchased3 \

Defining the marginal propensity to consume - p =1 - B -- and subtracting saving
from disposable income, the following expressxon for the value of aggregate consumption can
be derived: -

Zjﬂpc‘.-c p.YD l-p)glPCYPOP

" where p can be shown to be the ratio of the rate of time preference to the rate of return on
the consumer’s real assets.. '

~This formulation of the ELES assumes away any dependence of saving on the
opportunity cost of current consumption (i.e. the rate of retum on assets), by implicitly
embodying the latter in the constant marginal propensity to consume. As a result, the
consumer model is atemporal and the price of saving has to be chosen arbitrarily. An
important implication of this atemporal specification of consumer behaviour is that- no
consistent index of intertemporal welfare can be derived”.

Once the (4 x 1) vector of consumption demands, C= [C] (i = 1,..., 4), has been
determined, it is translated into a (1l x 1) vector of household demands for intermediate

- goods, Xy = (X, FUsgrs FUgsys FULyr . FUphy, Xy, Xyal, through a (11 x 4) transition
matrix, TR = [tr,]]: '
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In each column of the transition matrix, the entries tr; mdxcate the quantmes of (non-energy)
mtermednate goods and fuels i composmg a unit of consumer good j:

X,
tr.. = _gﬂ’ i= 1, 7’ 8
Vo, -
j
FUS
- yH : _
try = c i=2,..,6
y .
© Fu? o
- __yH -
try - C v - b"--., b3

7

with Y tr, C; =Xy for i = 1, 7, 8 Y tr; C; = FUg for i = 2,.6 and

41 C = FU,,, fori= b,, b,, b;.

~ It is assumed that consumers take the transition matrix as a technical datum for all
- consumer goods except fuel and power (j = 2). In the case¢ of this latter good, consumers
choose first an optimal mix of fuels within the given unit energy requirements (ey,), defined
as the ratio of total energy used in consumption of good j (E;;) to the consumption of this
good:

ej” = C

. y :
Second, they choose an optimal mix of conventional and backstop energy sources for each
primary fuel. ' :

Consumers are assumed to minimize the cost of total energy expenditure in consuming
good j (j = 2), given a nested-CES transformation function defined over the different kmds
of fuels and over conventional and backstop primary energy sources: : -

E, = CES(FU,,,..., FUst; pu, am,,_,_,, “UH} o (42) |
v . o
Fl]sj” = CES(FU.V"’ FUb/H’ FUbiH' pz’”, az"H, azﬂl, az‘-”} s = 2, 3, 4 (43)
| : — . B . 6 6 b | '
FUG}H = CES‘FUGjH, F Ub,jﬂ; p"("’ @oins Cz:”}. o (44)
Given the (composite) prices of conventional and backstop energies, PF,C (s = 2,..., 6) and PF, :
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(m = b,, ,b,), and defining the unit costs of energy c;; and fuels c;,:/ in consumption of
good j as the duals of equations (42)-(44),

FU H 6
]‘ = UC(CZ}H’ .y CG]H’ pu7 a,j”"' “W}:

: , : b by
.C;g = UCIPF scv. PF, l:’ PF, h:* P;.i.m jae it “z;H-}‘ s§=234

".61” = UC{PFG,PFb, pﬂ”"‘ﬂﬂ"a‘;ﬁ)

the opnmal unit requxrcmcms of foels for eath umit of energy (a H) and of convennonal and

backstop energies for each unit of fuel s (a,]H ,aﬂH ) used in the consumption of good j can
- be derived following the same steps as in sub-section II1.B.:

- ’ ‘FU

fu -0y , CyH \py,

,j}{“( H) v(—)V
Cn

: c
¢ FU.-pye PFs o3
“g'u = (cgy) (— ) i
@i

B
'ﬁ"_ FU‘PI PFM P‘
Gy = (Cyg) ™ (———MA y¥

with s = 2,...,6; m=b,, b, for 1'= 2, 3, 4; and m = b, for | = 6. Finally, the corresponding
optimal entries in the transition matrix (i.e. the unit requirement of convemlonal and backstop -
energies for consumer good j) can be obtamed as

- o €

- e . ﬁ‘ . ﬁ' ’ -
Uy = €jai El§2,3,4 @ * Guyn) m bxf b,

‘ e p ol . g
Uy = €n " O " Db
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The final stage of consumer optimisation concems the choice between domestic
supplies and imports, given the assumption of imperfect substitutability among consumer
" goods. This further step consists in splitting the entries of the transition matrix into domestic -

and imported components (tr‘-;-J and tr,.j'.-, respectively). It is assumed that this choice is made

according to a CES aggregator in which substitution elasticities.as well as domestic and

imported shares for each intermediate good i are the same across consumer goods, i.e.
H H _D D 1 1 . ' ‘

Py = Pa> Qyy = Gypys Cyy = iy for j # k:

D I H D I
try = CESUry’, try; py, Gy 0y

Denoting the composite consumption prices of intermediate goods and conventional fuels by PT,.H

and PFi”, respectively, and given prices for after-tax domestic and imported intermediate
goods and fuels, expenditure ‘minimisation by consumers yields the following optimal
domestic and imported components of the transition matrix:

Y PTI.D H o
iry =, (PT/™® (—)° (44)
1 | H o PT/ n o o
try = w,; (PT;)™ (_I)"~' (45)
- %in .
fori=1,7,8; and,
: o PFP n |
try =g PESY® (—)™ (46)
: iy
1 oot PF gt )
try = try (PF)™® (--’-)"-* : : “n
] ‘ ai” . .

fori =2, 4, 5, 6. Note that no equations such as (44)-(47) exist for crude oil and backstop
products, since oil is assumed to be perfectly homogeneous across countries and backstop
products are not traded on international markets.. The domestic and import coefficients for oil

are determined as in séétion I1I.B; backstop goqu sat‘isfy trijp = tr, tr_‘.; =0(@ = bl,..., bs)'
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In equations (44) 47), PT and PF are defined as CES aggregates of the prices of

domestic and imported goods and conventional fuels, according to the CES dual cost
aggregator:

it

PT" = UCIPTY, PT; pf, agy, aiy) -

PF = UC(PF , PF/, p¥, a ,”, afH}

Using these definitions and the coeff)cxems of the transition matrix, the composite price of
consumption good i (PC,) can be defmed as in equations (1)- (2) of sub-section III.A.

Finally, the transition‘matrix TR can be partitioned into domestic and foreign sub-

matrices TR? = [irqD], TR' = [tr"] and the (11 x l) and (8 x 1) vectors of the domestic and .
forengn components of household consumpnon demand for intermediate goods -- denoted

[Xm]: XH [Xm] respectively -- can be derived as follows:

Xy = TR®-C-

TR' - C

e
1§

(ii) Investment and stockbuilding

GREEN does not embody any explicit investment behaviour by finms, either at the
sectoral or aggregate level. Therefore, in each period, aggregate investment is derived as a
residual identically equal to the sum of personal saving, the depreciation of capital, the '
government sector net balance and foreign inflows of capital. Aggregate investment is then
allocated to individual sectors in order to meet their demands for new capital goods.

It is assumed that aggregate investment (INV) is produced by means of a mixed CES-
" Leontief technology in which neither labour nor the capital/fixed factor bundle are used as
factors of production. The production function for investment has a fixed-coefficients structure
for non-energy intermediate inputs (I;) and the total energy input (E)), and a nested-CES
structure for fuels. In this specification, the mix of fuels (FU,;) and their composition in terms

of conventional (F U,f) and backstop (F U,',’) energies is optimally chosen. Denoting the
technical coefficients for non-energy intermediate goods and the energy bundle by {, and e,
respectlvely, this technology can be described as follows,
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C I L L AE
INV = min{(-L, I, &), L)
: 11 l7 ‘8 81

E, = CES\FU,,,..., FUg; pp @1pes O3

: - - s b b
Fy, = CES{FU;’ F Ut:h F Ub‘:ﬁ Pap Cap gy Gl =234

| | ,
FUg = CES\FUg, FU,; py, a3, @)

Lo E,
where Ly = m (i=1, 7, 8) and e, = T]V—‘_/

~ While 1, and e, are parameters that reflect the base-year composition of investment, the
technical coefficients associated with the various fuels are determined through a cost-
minimisation procedure subject to the CES specification. The resulting optimal technical

. . c v B '
coefficients for conventional.(fu, ) and backstop (fu,, ) energy sources are:

c_ Ca AS , B .
ﬁ‘sl =€ "ay " ay s =26

v B -~ v fu B -
. ﬁ‘ml =€ 2122,3’4.(0” i ) m = bl’«bz

B o, ful
Jupy = €, - ag * Gpgr

where,
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CFU
fu E. -p sl \py.
a; =e (CI) v, (___S_) u

@y
~ c
al" = (e (P
@y
. ﬁl' P PF P’
amll (Cu u( - =)
&y

(s=2,.,6,m=Db,b,forl =2, 3,4, andm b,. forl—6)and c, , , arethedualsofth¢
above CES transformation functions. ' ’

Finally, it is assumed that the demands for intermediate goods and conventional fuels
used in the production of the investment good are allocated across domestic supplies and
imports according to a CES transformation function, as in equations (31)-(32) above, with

v - . ! ‘ T D[ gy .
elasticity of substitution p; and CES distribution parameters a;, a;. Using the resulting
optimal technical coefficients for domestic and imported intermediate goods and fuels

i
(denoted 1 , ﬁls? and u;, ﬁt,,, respecuvely) it is possible to derive investment demands for

domestic (I,. ) and imported goods (I,. )

2=y, 1 INV i=1,78
Dv . D 1 1 L : p
1P = fuy - INV, 1 = fuy INV l=2,.,6b,.,b;s=2,..6

A similar framework is used to determine the allocation of sectoral demands for
aggregate stockbuilding (STB) -- which is an exogenous variable in the model. However, in
this case, the fixed-coefficients specification extends to both non-energy intermediate goods
and fuels, while a CES specification continues to characterise the choice between conventional
and backstop energy sources. Denoting stockbuilding of good i by ST,, fixed coefficients in

stockbuilding. by §, = —S-—E (i=1,.,8) and stockbuilding of conventional and backs;op

energies by F Ung’ FUZ? 7+ the stockbuddmg technology is

STB - mm{s;r, As,sr As,sn’ STy,




ST, = CES\FUSp FUSsr php afp. ag

* Cost minimisation subject to this.technology yields the following optimal unit inputs

of conventional (fu,ﬁr) and backstop ( ﬁ‘sgr) energies, .

c _ ﬁ“f - -
ﬁ‘SST —. Es ;ST S = 2,...’ 6
mST Z; 2-;4 ) mlST) m = bp‘ bz

B _ . ﬁl' .
Jup st = & * Gpest

where, .
c
fu€ FU, -ps PF! 'y
asy = (Csp) T ("—;‘) i
®sr ‘
B
2 Fus-¢t PF,, o
anﬁ‘rlST = (Clsr) T (— - “
%sr

(s =2,.,6,m= b,,b2 forl-2 3,4; and m = b, for 1 = 6) and the unit costs c,s., are the
duals of the above CES transformation functions.

On the other ha‘md,A the allocation of stockbuilding demand across domestic and
imported components -- denoted ST,.D and 'ST,.’, respectively -- is determined as in equations
(31)-(32), with elasticity of substitution p‘;T and CES distribution parameters a?,, af". Given

the resulting optimal technical coefficients E,.D , Ef , the following stockbuilding demands are
obtained:: ' '

P . ¢l STB, ST, =} STB i=1,7,8
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P = fug INV, ST, = fuly INV [=2,.,6b,.,b;s = 2 6

‘These assumptions make 1t possible to derive the vectors of sectoral demands for imported

investment and stockbmldmg goods, which are denoted Ix = (I "1, ST' = [ST ].

(iii) Govemment

The government is assumed to levy excise taxes on carbon emissions and/or energy
consumption, value-added taxes on domestic goods (produced or consumed) and imported
goods and a flat-rate tax on all sources of income. An additional source of government
revenues is the proceeds from sales of emission rights. Therefore, denoting carbon and
energy-tax revenues by R® and R®", respectively, and revenues from the sale of emission
rights by R®, total government revenues can be expressed as:

REV = R€ + REN.+,Z::, (=2 P, Q.. + 1 P X + (v + Y- Y) + RE

Crucial components of govemment revenues are the carbon and energy taxes, T and T”. The
former is expressed as a fixed amount of US$ per ton of CO, emissions, the latter is
expressed 'as a fixed amount of US$ per Terajoule. While their determination will be
discussed below, it is useful at this stage to determine how revenues from these taxes are
generated and how the taxes can be translated into ad valorem fuel-specific tax rates.

The steps needed to convert a given carbon tax into fuel-specific carbon tax levels and
fuel-specific ad valorem tax rates are illustrated in Table 3 with a numerical example based
on U.S. data. The first step is to convert total demand for fossil-fuel s, FU (s=2,.,5), into
a corresponding amount of CO, emissions. This involves translating real fuel ‘consumpt'ion
FU, into Terajoules, using fuel-specific technical conversion factors ¢,, and converting
Terajoules into CO, emissions, using fuel-specific emission coefficients €. Given the
overall carbon tax TS, it is then possible to derive government revenues from this tax by
summing over the demands for primary fossil fuels and imports of refined oil products*";

4 s
Teo(Trie ¥
Yad =HIST.G

s*2

s ' 8 |
TC'[éb.'¢b,'(E F Ub‘;’i + Y F Ub’.‘} + es'%‘{Z Fug'+« Y F Us’tﬂ
i=1 i=1

=HIST.G =HIST.G

RC=TC

+

e 4
TC [Ze &, FUS + &, b, FU,, + eq &, FU,] = TC (z ¢, FUSY 4 e,,l'FU."U + &g pu,"”)

52 g2

where FUS™, FUZ™ are total demands for conventional fuel s and the “dirty” backstop b,

L7

and FUg" is import demand for refined oil products, all expressed in Terajoules.
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In order to compute the fuel-specif ¢ ad valorem tax rates implied by the carbon tax,

TS is first converted into fuel-specific éxcise taxes per Terajoule (T 7} of each kind of
carbon-based fuel s (s = 2,..,5 ,b)),

TV = 1€ ¢

5 s
. This makes it possible to derive government revenues by kind of fuel (R_,C):
Rf - TJT_J. FU:,TJ

- withi=C fors = 2,3,4,i=Bfors= bi; and i = I for s = 5. Finally, denoting total exports
of fuel s by EX,, its ad valorem tax rate is computed as the ratio of govemment fuel-specific

revenues to the total value of domestic absorption of the fuel®”:
- : C
FU ) Rs '
T, =

- PFP- Fu? + PF!- FU! - PFP- EX,

The energy tax affects the energy content of all sources of. energy, including the
carbon-free sources such as nuclear and hydroelectric energies. Since these energy sectors are
not distinguished in GREEN, the energy content of the conventional carbon-free energy
sectors is assumed to depend on the carbon-free fixed factor F¢. Denoting the energy content

(in Terajoules) of the carbon-free fixed factor by FGTJ', government revenues from energy

" taxation can be derived as above by summing over. primary demands for all kinds of energy
and imports of refined oil products, given the energy tax T **

4 ] ,
RC =T7 (Y &, [):Fuj + ¥ FU,C)
: 32 inl i=HI5T.G
Co 8 2 3 . ‘
+ TH. Z Q’[Z FUS + E Fu:) + ¢5[Z FUSil + 2 FUS‘] T.l
. 3=by,..by i=1 *HAST.G TR 4,1 5T,G

4 o : '
TV Z . FU’C,TJ K z FU,"” . FU;'TJ . an
322 s=by,..0y '

The fuel-specific ad valorem tax rates implied by the energy tax can be computed as above.

Total revenues are allocated among transfer and non-transfer expenditures. Both types
of expenditures -- denoted TRG and G, respectively -- are exogenous in real terms. However,
~ the allocation of G among purchases of mtermedxate goods (XG) and demands for old and .

new capital (K , KG ) and labour (L) is determined by utility maximisation subject to a

budget constraint for non-transfcr expendxtures under the assumption that the government
behaves as an aggregate “"consumer” of goods and primary factors*.
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Denoting- the unit cost of government non-transfer expenditures by c®, the composite
price of government purchases of XG by PG and the (fixed) government deficit by DEF, the
allocation of non-transfer expendltures results from the maximisation of the followmg CES
utility functlon

Uy(XG, Kg, Lg) = CESXG, Ko, Lg pgy Ggyes )

subject to:

REV- TRG+DEF PG-XG + rX0KC + wr K% 0 __g* N
rk KG Kg +wlg -(1.-8p) (rg Kg +r” Kg)

. . : . . . o . ,
where (1 - ;) is the depreciation rate associated with govemment capital and rcf « rK" i
and only if the government sector is declining over time.

The implied optimal g_ovemmenf expenditures are
+5 (PGypo
)

ag

XG = G- (¢

o kY- o
K, =G (c s (L_Z_)PG = Kg + K(I;V
%5

Lg = G (D7 ()
]

where cC is the dual of the CES aggregator:
= UCPG, r*", r“o, W; P aG, ,'ac}
and PG is a wexghted average of the after- tax pnces of intermediate goods:

PG = E ;73("’x PT + q,,PT) +Z“ (q;‘ pF + ¢,PF) + Z‘b »,"’t pF

Finally, government purchases of intermediate goods XG are allocated across sectors .

and among domestic and imported commodities in proportions q:f’ and q;f, such that for i =
1,...8, '

Xg'= ¥ XG
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s (P,) to the world xmpon price of the same commodity (P,-W),. according to the region-

specific trade elasticities p; " :

sWwT

. _wr P wT
M, =M, (P i") P ()P

where the world import price of commodity i (P,._WT) is Qefined as a CES aggregate of the
~ export.prices of tradimg partners: - ' .
WT wr T _6wT
P = UCP, s # rp, ", & o @y, |
Qil producers are competitive price-takers in all regions. Net imports of crude oil. (i=3)by
region 1 are determined as the diffcrcnce between total production and total demand by the

region, at the given real world price of oil P <C:

M, =Q, - FU,

" For each country r, total exports of good i -- denoted EX,, -- can then be determined as the
sum of imports of good i from country r by a]} other regions s (s * r):

Exlr = Z,ﬁr Mi!r’
Finally, the current account of any region r can be determined as follows:

CAr = Z?sl Pl'w' (Exir - Mir) |

(v) Trade_in emission rights

The model can be solved under three regimes conceming CO, emissions. In reference
runs, no constraints on emissions are imposed and there is no carbon tax. In counterfactual
simulations, two possibilities are explored. In the base case, emission constraints are imposed -
at the regional level and region-specific carbon taxes are computed. In an alternative case, an
initial allocation of emission rights is assumed and a single emission constraint is imposed
at the world level. In this case, a single world carbon tax is computed under the assumption
that regions are allowed to trade emission rights.

The carbon tax can be interpreted as the shadow price of CO, emissions. The
determination of this price is part of the equilibrium solution of the model, which is discussed
below. However, when it is possible to trade in emission rights, the world price of the latter

is identical to the single world level of the carbon tax. '

It is useful to discuss here the implications of trade in permits for financial flows

across and within regions. As already mentioned in sub-section I1.C.(iii), it is assumed that,
in each region, the proceeds from the sale of emission rights accrue to the government.
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{
G = ‘l’:' XG

" D ! T . :
Coefficients §; and ; are determined in the same way as the technical coefficients

D i D .1 . - . . : e e .
v, vy and fu,, fu, described in the previous sub-section. A fixed-coefficients structure is

assumed for non-energy intermediate goods and the energy bundle, while substitution is
allowed among fuels and among conventional and backstop energies, according to a two-stage

nested-CES specification, with first-stage elasticity of substitution pf and CES distribution

parameters &} (s = 2,..., 6) and second-stage elasticity P3¢ and distribution parameters a;
(s =2, 3, 4, b, by, by). Finally, the choice between domestic and imported goods is
determined by means of a CES transformation function_, with elasticity of substitution pg and

T D _I
CES distribution parameters «g;, &;-.

» The government budget is not necessarily balanced in each period. However, the
implications of govemment imbalances for the accumulation (or decumulation) of govemment
habxlmes and the associated net interest flows are ignored.

(1v) Foreign trade

_Each region has import demands for all traded goods. The only non-traded goods in
GREEN are the backstop products. For each producer good i (1,..., 8), total imports by region
r(r=1,.,12)-- denoted“Mi, -- are the sum of imports of godd i for use in production (X,.'),
household and govennnent consumptjon (X,-;, and X.'lc». respectively) or for investment (I,-')

and 'stockbuilding' (.ST,.') purposes:

M, =X/

o= Xt Xy v X + I+ ST

With the sole exception of crude oil, total imports are allocated among trading partners under
the assumption that each good is differentiated by country of origin. Given the imperfect
substitutability of good i (i # 3) across regions, each country is assumed to minimise
’ expendlture on total imports M;,, subject to a CES import function defined over xmports M,
of region r from all other regions s (s # r).

min, 3 PoM
subjectto . M, - CESM,, s + ron, ey ey W)

irs®

Given the world price system, this procedure yields optimal import demands from
trading partner s that are inversely related to the ratio, of the price of commodity i in country



‘Denoting the world carbon tax by TS, the constraint on emission levels imposed in region r
in the base case by CE, and by CE, the level of emissions generated in region r in the
alterative case, government revenues (expenditures) from the sale (purchase) of emission

rights in region r (R £) are determined as follows:
R, = TC. (CE, - CE)

In addition, sales and purchases of emission rights must be balanced at the world level:

Y T (CE, ~CE) =0

D. Supply of primary factors and mobility of capital

In GREEN, primary factors include labour, old and new capital and fixed factors.
While labour and new capital are predetermined at the beginning of each. period, the supply'
of primary factors is assumed to be sensitive to contemporaneous own-price movements.
Therefore, the determination of these supplies is an mtegral part of the static ethbnum
solution of the model. :

(i) Price sensitivity of fixed factors’
Among the fixed factors, land, coal ‘and the carbon-free resource are assumed to

depend on their contemporaneous rentals. In addition, supplies of natural gas and crude oil
are also assumed to depend on their pnces but only when production is below potential.

~ Own-price sensitivity of factor supphes (F ) is modelled according to the followmg sxmple
constant-elastxcny specification:

o, Ly -1,2,3,4,6
'f('E—E) f"y”1

where @, and 1|, are factor-specific constants and elasticities, respectively..

(ii) Mobility of old capital across sectors

The aggregate supply of old capital is predctermmed being equal in each period to
the depreciated stock of capital inherited from the past. However, since individual sectors are
allowed to disinvest over and above their sector-specific depreciation rates, sectoral supplies
of old capital are sensitive to changes in the relative rentals of old and new capital goods.
Moreover, the mobility of capital between sectors is assumed to be restricted by sector-
specific disinvestment elasticities. Therefore, each sector faces in principle an upward-sloping
. supply curve for old capital.

. Denoting the sector-specxﬁc deprecxanon rates and disinvestment elasticities by (1 -9) -
and x;, respectively, and the relative rental of old to new capital by RR,, the supply of old
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capital goods by sector i is determined according to the following disinvestment function (4,):
0 if RR =1
A, = ARR; 3, x) =
5 KC (1 - RR"Y if RR <1

where,

1 if K 286K’
O <14 K <8-K°
pr i i By

Consequently, the total of old capital goods supphed on second- hand markets (A) is the sum
of disinvestments originating ftom all sectors '

AEA

E. Closure

The reconciliation of all sectoral financial balances in an AGE model is known as the
"closure rule”; and the way this is specified has a critical bearing on simulation results. The
standard closure in GREEN defines total gross investment residually, as the sum of personal
saving, deprematlon, the govemment balance, stockbuilding and net foreign capntal inflows
in each region i

=S, r N0 - ) K 0 -8 K,
+ (REV, - GTR, - G)) - CA, |

F. Equilibrium

In each period, a temporary equilibrium is determined subject to the given (static)
price expectations, to the predetermined factor supplies and to the exogenous real world prices
of backstop products. In each region, equilibrium is defined as a price vector
P=(r K N, r,.Ko, w, r;f =1, 2, 3, 4, 6) such that the following market—clearing conditions are
satisfied: ' '

-~ in each declmmg sector, demand for old capital goods (K ) equals the
" depreciated capital “stock inherited from the prevmus period minus
disinvestment: : '
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KC =8 K - A, e

-~ aggregate demand for new capital (from privéte and government sectors)
.equals supply of new capital vintages (1) plus aggregate supply of old capital
goods originating from declining sectors:

Yok K =1+ A (49)
- aggregate demand for fixed factor f (f = 1, 2, 3, 4, 6) equals aggregate supply:
' F, = Ffs - ~ (50)

-- aggregate demand for labour by private and government sectors equals
aggregate supply (Ls :

L+L,=LS , (81

-- - ineachsectori(i=1,..., 8, b,,...; b,), the follov&ing’ zero-profit condition holds:

' Pi'Q'i = E) =1,7.8 (PT 0t PY}I.aI{) * Ziz (PFSD'ﬁ‘: *: PFsIﬁ‘s{)}Qi ‘
: ' . (82) .

N K©

. o
+r*K" +r; K, +wl+r“F, + R,

~ where K,.N = 0 in declining sectors, r¥ - rixo in expanding sectors, F, = 0 for
i=578b,.b, a =a, =fu. =fugy=0 for i=b,,.,b, and R, =0 for
=1,2,4,.8. ’ , -

Equation (48) determines the rental rates of old capital in -declining sectors,
’equauon (49) determines the rental rate of new (and old) capital in expanding sectors,
equation (50) determines the rental rates of fixed factors, cquanon (51) determines the real
wage rate and equation (52) determines producer prices*. A world temporary equnllbnum
is obtained when equilibrium price vectors P are found for all regions.

In simulations in which CO, emissions are restricted at the regional level, additional
equilibrium prices are required which equate total emissions in each region to the given
constraints on emission levels. The resulting equilibrium price in any region r is the carbon.

tax (T,C) or the energy tax (T,TJ). These taxes can be interpreted as the shadow prices
associated with the emission constraint. Denoting the upper bound on emissions (expressed

in tons of CO,) in region r by CE, and recalling that CO2 emissions oxigihate from the

Terajoule consumption of carbon-based conventional and backstop fuels (F U,:J), these taxes
are determined in each region by the following material balance constraint*’:
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Y e FU,™ + €, FUp, + e FUS™ < CE, (53)
=2 '

‘When emissions are constrained at the world- level and trade in emission rights is allowed,
a single constraint such as (53) determmes the world tax level as the shadow price of world
CO, emissions. : '

Reglonal and world equilibrium imply that, in each region r and for each sector i,
production is equal to mtermedlate and final uses of good i

er EJ Xy ijr lr

where final demand for good i by country r (Y,,) is defined as the sum of domestic household
and government consumption, investment, stockbuilding and exports for that good:
Y, = X5 + X2 + I} + STP? + EX,

Finally, a world "budget constraint” must hold, whereby the total value of world 1mpons is
equal to the total value of world -exports:

12 CA, =0

G. Dynamics

The dynamics of GREEN are defined by simple equations whxch descnbe how the
stocks of capltal and fossil-fuel resources evolve over time.

(i) Cagital accumulanon

The aggregate capital stock is determined in each period t by an accumulation function
_equating the beginning-of-period stock (K,) to the sum of the depreciated capital stock
inherited from the previous period and the previous-period gross investment. This reflects the
assumption that there is a lag in embodying new capital vintages in the capital stock.
Denoting the aggregate depreciation rate in period t by (l - 3)), this accumulation function can
be expressed as follows: -

- (54)

Sectoral capital stocks evolve in a similar way, but embody the additional assumption
that the depreciated capital stock can be scrapped at a rate which exceeds the (constant)
sector-specific depreciation rates (1 - §). This second-hand capital is then supplied to other
sectors according to the disinvestment functions A, described in sub-section II1.D.(ii). The
decision to disinvest is assumed to be taken in the current period, by comparing the rental
rates of new and old vintages. Since second-hand capital is assumed to be homogeneous in
demand with new capital vintages, sectors cannot both invest and disinvest at the same time.
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As a result, some sectors decline while others expand in each period. Given these
assumptions, the sectoral accumulation functions can be expressed as follows:

K, =8 K., + 1,8, . B (55)

Sectoral and aggregate capital- accumulation functions are reconciled by definihg

E 6 ———‘5 and summing equation (55) over sectors:
K, :

Z,‘ K, = Z; 8 Kyq * Ly E. A,

)

(56) -
- K

t-1

t-1 + Ir-l = K,

Equation (56) states that, in each period, second-hand capital goods provided by declining
sectors are identically equal ex post to the excess of sectoral investments over the new vintage
of capital embodied in the current aggregate capital stock:

z.'_A-ir = Ir-l - Z.' Iir-l

(ii) Short- and long-run elasticities

With putty/semi-putty technology, substitutability between capital and the other factors
of production is-lower in the inherited capital stock than in capital originating from current
period investment. Given this specification, the overall interfactor and interenergy elasticities
of substitution differ in the short- and in the long-run. Over time the short-run elasticities
converge to the long-run elasticities characterising new capital formation. Figure 5 shows
several convergence paths for interfuel elasticities associated to an elasncxry of 2 for new
capital vmtages and several values of old vintage elasticities.

~ The gap between short- and long-run elasticities and the speed of the convergence
process depend in a crucial way on the dynamics of the capital stock. It can be shown that,
in- any period, the short-run elasticity of substitution between two factors is a linear
combination of the elasticities on old and new capital, weighted by the share of new capital
in the total capital stock. The larger are net replacement rates -- i.e. the combination of
depreciation and new capital formation -- the smaller the gap between short- and long-run
elasticities and the faster the convergence of the former to the latter. Therefore, in GREEN
net replacement rates have important implications for. the dynamic response of the economy
to changes in relative prices such as those caused by carbon taxation.

(iii) Resource degletion sub-model

The resource depletion sub-model is implemented only for crude oil and natural gas.
Coal is not assumed to be resource-constrained, although its extraction costs are increasing.
A resource depletion path for both oil and gas is traced out by means of a standard model
with proven and yet-to-find reserves. Some allowance is also made for price sensitivity of
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resource supply. Thus, the resource depletion path depends in any given period on the past
evolution of prices.

(a) The depletion mechanism _

The depletion model is based on the assumption that the resource base, i.e. the sum
of proven and yet-to-find reserves -- can be estimated with a given probability®. Given this -
estimate, the potential supply path is determined by two technological parameters: (i) the rate
of discovery of new reserves -- hereafter called the "conversion rate"’; and (ii) the rate at
_ which resources are extracted from proven reserves -- hereafter called the "extraction rate".
Generally, these coefficients are not constant over time. For instance, the extraction rate can
vary widely in the short-term when a new discovery increases the stock of proven reserves.
However, the expectition is that they will tend towards a stable level as geological uncertainty
is reduced. The extraction rate is assumied to be a constant parameter given by the base-year
ratio of production to proven reserves. On the other hand, the conversion rate is derived from
the calibration procedure described in Section VI below. Actual supply of oil and gas is
_bounded above by the potential supply profile, with the slack between actual and potential
being determined by the supply functions for oil and gas described in IILD.(i) above.

- Denoting, in each period t, the extraction rate by r;, the conversion rate by d,; proven
reserves by RES,,, yet-to-find reserves by YTFR,, and newly discovered reserves by NRES,,,

the followmg equations describe potential supply (QI ) and newly discovered reserves of fossil
fuel i (i = 3, 4) in each region:

Q,, =r;: RESm . (57)

'NRES,, = d,-YTFR,, - (58)

The. equatlon of monon for the level of proven reserves at the beginning of any period t is:

RES,, = RES,, | + NRES,, , - Qi.t—1 . | (59)

Substituting equations (57)-(58) into (59), this equation can .be'rewyitten as

= (1 -r) RES, , + d; YTFR, ,
 Finally, given the initial conditions RES,, and YTFR,, and defining the parameter

RES, _ '
Oy = — 19 the equation can be iterated forward n periods to obtain:
’ YTFR,, '
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RES. ’ l .

_ (1 - r‘)"’ - (l - d‘)n

here Ly rg m) = X0, (1 - ™ (1 - d
where L(d,, r; 1) - Yo, -t a -4 d -r)

Equation (60) is used in the calibration procedure‘ for parameters d; as well as in the
determination of price elasticities. Since, by assumption, coefficients 1, and d, are strictly
positive and smaller than one, equation (60) satisfies the long-run deplctron property,.

i.e. RES-0 as n-e. For a given set of initial conditions, however, the time proﬁles of the
depletion paths 'may present striking differences in the short and medium-term depending
upon the interaction between the "extraction” equation (57) and the "conversion” equation
(58). Figure 5 shows the pattern of a typical depletion path. Potential output first increases
with the 'stock -of proven reserves before declining and converging more or less quickly to
ZETOR. : '

Given the Tesource base and the depletnon parameters (r, and d,), the depletion path can
also be affected by ‘the decision of producers to supply oil and gas below potential at the
'gomg market prices. In this case, the slack between actual and potential output adds to future
reserves and increases future potential output levels, modifying the time profile of potential

supply.
(b) Price sensitivity of resource supply

" The assumption that the depletion parameters and the resourte base are exclusively
determined by technical and/or geological -factors is certainly restrictive. In the real world,
“market forces will tend to create a linkage between the investment needed to find new
reserves or to improve the resource exploitation technology on the one hand and profit
conditions on the other. Therefore, in principle, investment and production decisions should
depend on market structure and future demand expectations. In the current version of GREEN,
expectations are myopic and markets are assumed to be perfectly competitive. Therefore, this
linkage was proxied by the very simple assumption that the level or the conversion rate of
yet-to-find reserves of crude oil and natural gas is sensitive to the prices of oil and gas.

~ Denoting the price elasticities of the conversion rate and of the yet-to-find reserves for -
each fuel type by @, and v, respectively, the associated constant terms by €2, and Y|, and the

real price of fossil fuel i by P,, the following specifications were assumed:
d‘(ﬁ‘) = 'Q‘.(ji'_)“'u . ' . (61)
YTFR(B) = T P)* - (62

| Eq'lrations (61) and (62) are mﬁtuélly exclusive since the 6a1ibration proceduré for the
resource depletion sub-model only has one degree of freedom (see Section VI). Hence, price
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sensitivity can be introduced either through the conversion rates d, or the yet-to-find reserves
YTFR,. However, the impact of price sensitivity will be somewhat different according to the
chosen alternative. Figure 6 illustrates the main differences between the two mechanisms.
When the d-coefficient is price sensitive, the production path becomes more concave in the
short and medium-run but converges faster to the reference level. When the level of YTFR
~ reserves is price-sensitive, an oil price increase leads to higher reserves, inducing an upward
shift in the production path relative to the reference case.

H. Welfare measures

In GREEN, the welfare losses/gains of emission: abatement policies are expressed in
terms of Hicksian ' "equivalent variation" (EV), defined to be: tre: amount of income that would
have to be taken away from the consumer at pre-pohey comsumer prices: (PC®) to make him.
as well off as he would be at post-policy consumer prices (PC’). In other words, EV is the
change in real income necessary to ensure that the optimal choices of consumers at prices PC®
ensure the same level of utility obtained at prices PC*. Denoting disposable income by Y°,
the indirect utility function by V(PC, Y®) and the expenditure function by E(PC, V), the
equivalent variation is usually defined as follows (Varian, 1978, p.210):

WPC® Y® - EV) = V(PC*, Y?)
or |

EV = E(PC*, V*) - E(PC®, V?)

This definition applies to static welfare comparisons in which disposable income is assumed
to be constant before and after the policy change. In GREEN simulations this will not be the
case, since at each point in time pre- and post-policy endowments will be different due to
changes in the pattem of capital accumulation and resource depletion. Therefore, an
alternative definition of equivalent variation is used, as in Ballard et al. (1985). This is simply
defined as the additional income requu'ed to obtain post-policy utility levels at pre-policy
prices:

EV = E(PCY, V) - E(PC”, vy ‘ (1)

In this framework, the change in utility levels includes changes in both prices and
endowments, but the equivalent variation in income is computed at a common set of prices.
In GREEN simulations, these prices are benchiark-year prices expressed in 1985 US$*.

At each point in time, EV, can be computed using definition (1) and the indirect utility
function and the expenditure function associated with the ELES specification of
preferences Using the notation introduced in section I[I C.(i) and defmmg

Ep, In(B), a(PC) = Z v, and B(PC) = HPC,,, the following two .
i=1 i1
expressmns can be computed for all periods t.
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b
WPC, YD) = k + h{w @
T e KPC)
E(PC,, V) = a(PCo) + " -b(PCy 3)

where the price of savings PC;, is defined as an average of the four consumer prices,
weighted by their respective budget shares, and the benchmark-year is indexed by 0. Equation
(2) is the value of the ELES indirect utility obtained in period t at the current set of prices.
Equation (3) is the real income equivalent of utility V,, evaluated at the benchmark-year
prices. From equation (3), the equivalent variation in each period t is computed as follows:

= E(PC,, V) ~ E(PCy, V) = B(PCy)-e™*(e Ve @

Equation (4) is the appropriate measure for comparing pre-policy welfare in period t
with post-policy welfare in the same period. However, it is inadequate for performing
_intertemporal welfare comparisons for two reasons. First, comparisons over time need to be
~ done with a simmary measure, which expresses the present value of the cumulated welfare
changes. Second, this measure should exclude changes in utility due to saving. Since the
utlhty of saving is just the utility of the future consumption stream associated with it,
~including in the summary measure the welfare originating from saving would involve an

element of double counting over the simulation period™. -

Given the sepérabilify of consumption ‘an'd saving in the ELES spéciﬁcation, it is

possible to derive the indirect utility of consumption in period t (V,,) and its real income
_ -4 4

equivalent as in equations (2) and (3). Defining k_ = 3 B, In(B,) and b (PC) = T] PC.,

: i=1 Ll

the following expressions can be ‘obtained, ' '

Y? - a(PC)

V(PC, Y?) =k + In
' C( t fD) c . bc(PCr)

E(PC, V,) = a(PCy) + [e" b (PCy)|"

from which the equivalent variation excluding saving (ES) can be computed in each period
t as in (4). | |

Based on the time series of equivalent variations E,, a summary measure of the
mtenemporal change in "welfare caused by the polxcy was constructed In each region, the
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cumulated sum. of welfare changes was normalised by total income eamned during the
simulation period. In addition, it was assumed that households would assign a smaller weight
'to welfare changes distant in the future®. Denoting the (exogenous) time-preference rate by

{, the real income equivalent by ip and the final simulation period by T, the summary

measure EV can be expressed as follows,

- T EVf
EV - 1- . Z t
O YtD "-1 (1 + c)t

=1 (1+Q)

I. Solution algorithm

Static equilibria of GREEN are obtained by an iterative solution method which uses
a tdtonnement procedure based on the Gauss-Siedel algorithm™. The sequence of static
equilibria is period-related using the capital accumulation and resource depletion functions
descrlbed in the prevxous sub-sectlon

IV.DATA:

A. General overview

The single-country data structure of GREEN is described in Fxgure 4. Country/region
data sets are linked through foreign trade. Model simulations are based on a benchmark-year
data set collected from various sources. There are four basic data requirements:

-- . National input-output (I-O) tables provide data for intermediate and final

' demands and for the structure of value-added (see Annex I for a list of sources -
“conceming national I-O tables). I-O tables are usually supplemented by data
from other sources -- including OECD National Accounts (OECD, 1990), UN
National Account Statistics (United Nations, 1990) as well as IEA energy
statistics and energy balances (International Energy Agency, 1987, 1989,
1990).

- Transition matrices convert the consumer-good classification of sectors into a
producer-good classification. These matrices are based on Eurostat Narional

Accounts (Eurostat, 1986).

-- Bilateral foreign trade matrices provide the link between the country data sets.

These are based on OECD Foreign Trade Statistics (OECD, 1987) for bilateral

trade concerning the OECD area and on the CHELEM data base compiled by
the French research institute CEPII (CEPII, 1988) for intra-area trade flows in
the non-OECD regions. The result is a fully disaggregated (200 x 200) world
trade matrix on a country basis for each GREEN sector.
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-- - Population projections are needed in the calibration of the ELES demand
. system. These projections are drawn from the World Bank data file by Bulatao
et al. (1990).

The choice of the base-year is important because some of the simulation results may
be sensitive to the initial level of energy prices. For most countries, 1985 was chosen; this
is the year for which the latest I-O tables were available for most OECD countries. When 1-O
data for 1985 did not exist, the most recent available I-O tables were used instead.

Data collection was designed to provide the maximum flexibility in the construction -
‘of regional groupings and to make it possible to upgrade data sets as new information
becomes available. Therefore, data were collected on a country. basis and data sets for -
regional areas were created through country aggregation. Table 4 shows the current regional
groupings of GREEN. The energy-exporting LDCs region groups countries whose net exports
of energy account for a significant share of their domestic energy production®. The former
Soviet Union, the CEECs, China, India, the DAEs and Brazil were treated as separate regions
in vxe:zv of theu' potentxal xmportance as sources of CO, emissions over the simulation
_period™.

Sectoral dlsaggregatlon was dictated by the need to stress. the relative nnportance of
fossil and non-fossil energy production. Within fossil energy production, energy sources
associated with different CO, emission factors were distinguished. The use of fossil and non-

“fossil energy sources as inputs into the production of finished goods and services was
‘captured in a simplified way by distinguishing agriculture and three other manufacturing
sectors: refined oil products, energy-intensive industries and other industries and services.
" Table 5 reports these sectoral definitions in terms of industrial (ISIC) and trade (SITC)
classifications. Consistency between sectoral outputs and 1-O figures is ensured by an iterative
bx-propomonal adjustmem process for material balances®’.

For most of the LDCs, no I-O tables are available. In these cases, the necessary data
bases were collected through a "minimum information procedure” that makes use of consistent
published data. In addition to the sources: listed above, this procedure uses UN Industrial
Statistics (United Nations, 1989), Commodity Statistics (United Nations, 1989) and
International Trade Statistics (United Nations, 1989a, 1989b) and statistics by the Food and
Agriculture Organisation (FAO, 1990). These sources usually provide the elementary figures
conceming primary factors and production (value-added and its components,. imports and

- outputs), final demand (household and government consumption, investment, stock changes

and exports) and energy balances for coal, oil, natural gas and elcctncxty Where data are
unavailable -- often the case at the level of intermediate demands. -- estimations were made
using coefficients from I-O tables for countries at a similar level of development. An
illustration of this minimum information procedure is provnded in Annex II for the case of
Nigeria.

 The data for the RoW region necessitated a special treatment, given the lack of I-O
tables for the vast majority of the countries in. the region. Based on complete 1-O tables for
Chile and Morocco, I-O tables for four other countries -- Syria, Israel, Argentina and
Zimbabwe -- were constructed using the minimum information procedure. These tables were

"aggregated in order to get average input-output coefficients for this group of countries. The
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resulting average 1-O table served as a basis for the creation of a table for the. residual
countries in RoW, in which the input-output flows were inflated to  correspond to the GDP
structure of this region.

B. Issues in collecting intermediate and final demand data

The construction of the intermediate and final demand data sets involves several
problems. Some are common to all countries, while others are specific to non-OECD
countries. Among the first, the most noticeable issue concemns the disaggregation of crude oil
and natural gas. These sectors are usually grouped together under the same ISIC code in most
industrial statistics. Therefore, separate values for intermediate demands for crude oil and
natural gas were estimated using unit domestic (or world) prices and production volumes
provided by UN or IEA energy statistics. An-example of this approximate disaggregation is
provided in Table 6 for the United States and Nigeria. The resulting figures are then adjusted
to the corresponding output values given by National Accounts or I-O tables. Another issue
concems the splitting of total-use matrices into domestic and imported components, for which
there is no recent information available. In this case, data were extrapolated assuming
identical import shares across all intermediate and final demands. Finally, in the absence of
any other information, the rents earned by the fixed factors in the four energy sectors were
assumed to be equal to the operating surpluses in each sector.

Among the problems specific to non-OECD regions, the most important are: (i) the
allocation of energy outputs among industry, the service sector and household demands; (ii)
the identification of the components of value-added in agriculture; and (iii) the treatment of
the so-called "unallocated industry” uses of energy. As to the first, the allocation was done
on the basis of volumes provided by the IEA balance sheets, under the assumption that the
unit market price paid by energy consumers is the same irrespective of whether energy is used
by an intermediate - industrial sector or by households™. A crude solution to the second.
problem was to use data from the I-O table of a country for which dlsaggreganon of
agricultural value-added was available. As to the last problem, it was assumed for simplicity .
that all unallocated industry uses of energy reflect household demand for fuel and power™.

V. PARAMETERISATION

. There are a very large number of behavioural parameters in GREEN. Model
simulations require that all these parameters be numerically specified. It is common practice
in AGE modelling to fix a certain number of "key" parameters on the basis of empirical
evidence or the modeller’s priors, while other parameters are adjusted in order to reproduce
the benchmark-year data set under the assumption that the economy is in a steady-state
. equilibrium in that particular period. This section identifies the key parameters of GREEN,
provides their current numerical values and discusses the empirical evidence supponmg these
choices.

In each regional model, the key exogenous parameters are the folloWing:

(a)  the elasticities of substitution among inputs at the various stages of the -
production process for old and new capital, i.e. the elasticity of substitution
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(b

(c)

Y

(e)

4

§:9)

(h)

(1)

[N

(B,
Z?q PC,-C,

between labour and the capital/energy/fixed factor bundle in each sector

(pﬁ., p'lvi), the elasticity of substitution between energy and the capital/fixed
factor bundle in each sector ( pg, pg,. ), the inter-energy elasticity of substitution
in each sector (pg, pgl,) and the elasticities of substitution between

conventional and backstop energy sources in each sector (pf, p:';' )

the inter-energy elasticities of substitution in the production of the investment

good (p,,), in cohsumer demand for each 'good‘ (pﬁ.) and in government

demand for intermediate goods (pf); '

the elasticities of substitution between conventional and backstop energy
sources in the production of the investment good (p3,) and'invemories (pasr):
in consumer demand for each good (p3;;) and in government demand for
intermediate goods ( p3);

the elasticities of substitution between domesﬁc ‘and imported intermediate
goods (p,) and fuels (p,) in each production sector, in household
consumption (p_f), in the production of the investment good (p; ), in' the
demand for stockbuilding (pgr.) and in govemment demand for intemdediatc

G
goods (p; );
the elast'icities of substitution between govermment inputs (p;);

the elasticities of substitution between imports of good i in country r with

 respect to exports of good i by other countfies (p,.',w %

the income elasticities of household consumption demand for different goods

¥ i=1,.,4)

the own-price supply elasticities of fixed factors (n,);

the extraction rates (r,) and the ratios of proven to yet-to-find reserves (I1,) of
- the resource-base sub-model; ~

the disinvestment elasticities in each sector (xi);
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k) the depreciation rates in each sector (1 - 6‘.); and

) thé CO,-emission coefficients of each fossil fuel (e,).

Given the large number of these parameters, the choice of the numerical values to be
imposed in baseline simulations relied on a number of sources. A first source was previous
Secretariat experience with the parameterisation of the WALRAS model. This concemed
particularly parameters of consumer demand and international trade. Second, some parameter
values were derived from benchmark-year observed data. This was the case, for instance, for
depreciation rates, extraction rates and the ratios of proven to yet-to-find reserves. Thlrd a
specific literature search was-undertaken for certain key parameters.

Given the focus of GREEN on' the production and use of various energy sources, the
literature search concentrated on the values of inter-factor and inter-energy elasticities of
substitution in production. The survey covered two strands of literature: (i) econometric
estimates; and (ii) other models used to address the CO, issue.

A. Econometric_estimates

. In GREEN the various nests of the production structure are represented by CES
technologies, in which substitutability is expressed by a single parameter. However, most
econometric estimates of inter-factor and inter-energy elasticities of substitution are based on
translog specifications, in which substitutability can be measured in several ways. The
literature search focused on the so-called Allen elasticities, which are widely used in empirical
analyses because they are symmetric and unit-free. Allen elasticities are compensated (i.c. real
output constant), share-weighted cross-elasticities of demand®. Some studies only reported
cross-elasticities, which are neither. symmetric nor unit free because they depend on the size
- of one of the mput shares In these cases Allen elasticities have been derlved from the cross-
elasticity estimates®'

GREEN runs over.a 65-year time horizon using a mixture of 5- and 20-year steps.
Thus, simulations are concerned with both medium- and long-term developments. This is
reflected in the putty/semi-putty specification of technology, which allows for significant -
adjustment costs in .the short-run and convergence to long-run outcomes over time.
Parameterisation of the putty/semi-putty production functions requires choosing values for
_elasticities of substitution on old and new capital. The parameterisation strategy was to anchor
production behaviour to elasticities on new capital, which are the elasticities prevailing in the
" long-run, and choose elasticities on old capital such that the implied medium-term elasticities.
are in the mid-range of the available empirical estimates. Therefore, the survey provides
‘evidence on both upper-bound (long-run) elasticity estimates based on cross-section data and
shorter-run estimates based on time-series data.

(1) Inter-factor elasticities of substitution

Tables 7 to 11 summarise estimates of capital-labour, energy-labour and energy-capital
elasticities of substitution from a variety of time-series (TS), cross-section (CS) and cross-
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‘country (CC) studies. Countries are grouped in three regions: North America, Europe and
Pacific.

" The estimates reported in Table 7 indicate that capital (K) and labour (L) inputs are
generally substitutable independently of the sample period, of the type of data, of sectoral
detail [aggregate (Agg.) or manufacturing (Man.)] and of model specification (CES, translog, -
generalised -Leontief, logit). Most estimated elasticities -lie within a range of 0.5 to 1.5.°
Estimates in North American countries are frequently at or above unity, while in. European
and Pacific countries. elasticities average at 0.5-0.7, :

With the exception of INTERLINK, these estimates usually concem labour-capital
substitution rather than the substitution between labour and the capital/energy (E) bundle, as
required in GREEN. However, the estimates of labour-energy elasticities reported in Table
8 indicate that these inputs are often substitutable to the same extent as capital and labour®.
Therefore, the assumption of identical capital-labour and energy-labour elasticities -- implicit
in GREEN's nested-CES framework-- does not seem overly restrictive, and the elasticities
reported in Table 7 are likely to provide a good guide for the parameterisation of the model.

The technical relationship between capital and energy in production has been widely
_ debated in the last two decades. But there is little agreement on the sign of the relationship, -
let alone its magnitude. Empirical estimates suggesting complementarity between the two
factors are at least as frequent as findings suggesting substitutability. The sign and magnitude -

of the estimated elasticities depend on a number of factors, such as the dimension of the
' production space [e.g. the inclusion of intermediate inputs (M), inventories (1) or fixed factors
(F) and the degree of disaggregation of the energy input], the specification of the models (e.g.
static or dynamic), the definition of the capital aggregate [e.g. equipment (K.) vs. structures
(K,). working (K,) vs. fixed capital) and the nature of techmcal change (e.g. neutral or
biased). .

Table 9 [from Carrére & Devezeaux (1988)] nicely summanses the vanety of results
stemming from the literature of the 1970s and early 1980s. It suggests that the most important
influence on the sign of the estimated elasticitiés is the nature of the data. Studies using
~ pooled cross-section or cross-country data usually find that capital and energy are substitutes,
while time-series studies find complementarity between the two inputs. A widely held opinion
is that the former yield long-run elasticities and the latter short-run ones [Griffin (198 D).
However, this is not a unanimous view and much of the recent debate leaves open the
possibility of capital-energy complementarity, even in the long-run®. Attempts at estimating
dynamic production models, which distinguish between short- and long-run substitution
possibilities, are no help in resolving this issue: some such studies provide estimates of long-
run complementarity®™. At the same time, it is generally agreed that capital-energy elasticities -
have not been stable over time, especially' after the two major oil shocks. '

Table 10 presents additional information on the capna]-energy issue. The studies .
surveyed are either based on more recent data or control for some of the factors listed above.
For example, Pindyck (1979) and Tumovsky et al. (1982) disaggregate energy into four
components -~ electricity (El), oil and other petroleum products (P), coal (C) and natural gas
(G) -- while Hogan (1989), Bemdt & Hesse (1986) and Hesse & Tarka (1986) disaggregate
into electric and non-electric (NEI) energy inputs; Carrére & Devezeaux (1988) compare
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estimates of an identical model over time-series and cross-country data; Field & Grebenstein
(1980) distinguish between working capital (Kw) and fixed capital (Kf); Delorme & Lester
(1986) distinguish between equipment (Ke) and structures (Ks); and Hogan (1989) and Bemdt
& Hesse (1986) estimate dynamic production models.

Overall, if negative elasticities are neglected as "short-run" estimates, tables 9 and 10
suggest long-run capital-energy elasticities ranging from 0.4 to 1.6, with no clear pattern
emerging across reglonal groupings. In addition, there is some evidence that capital substitutes
with non-electric energy more easily than with electricity. However, these conclusions should
be taken with caution in view of the lack of robustness mentioned above®. :

Given the uncertainty surrounding the capital-energy debate and the wide range of
estimates presented in Tables 9 and 10, the values assumed for the elasticity between the two
kinds of capital and energy in GREEN ensure that energy and capital are complementary in
the short- to medium-term and substitutable in the long-run®. On the other hand, this
uncertainty strongly supports the imposed nesting hierarchy of the model. A different

- hierarchy, based on a capital-labour bundle, would impose restrictions (i.e. a common
' subsmutxon elasticity between energy and mputs in the bundle) that have little empirical
content®’

(ii) Inter-energy elasticities of substitution

In spite of their crucial role in determining the outcomes of carbon taxation,
econometric estimates of inter-energy elasticities of substitution are scarce and not . very
reliable. In many cases, estimates are based on very specific industrial sectors (such as food
processing) and are not very useful for GREEN. In other cases, results are reported on a state-
~ by-state or plant-by-plant basis, and it is difficult to infer their aggregate counterparns. In
addition, estimates of interfuel elasticities are highly sensitive to model specification and
“choice of samp]e period. For instance, identical data sets can yield elasticities with different
signs when estimates are based on translog or logit production functions [Considine (1990)].
Finally, substitutability among energy inputs has been clearly affected by the two oil shocks
[Hesse & Tarka (1986), IImakunnas & Torma (1989), Hall (1986)], so that only studles
including recent observations are empirically relevant.

Table 11 presents some evidence on interfuel substitution possibilities for North
America, the Pacific region and Europe. These numbers suggest that substitutability between
electric and non-electric energy is sizeable, ranging from .9 to 1.5 in European countries and
to two-digit numbers in. the United States and Japan. At a more disaggregate level,
substitution possibilities between different kinds of fuel .also seem substantial in both the
United States and Japan, with the possible exceptions.of petrol and electricity and, especially,
natural gas-and coal. Lack of substitutability between coal and natural gas is confirmed by
other studies- for France and Germany [Estrada & Fugleberg (1989)] and the United States
[Hudson & Jorgenson (1974)]68 Finally, both Considine (1988) and Estrada & Fugleberg -
(1989) estimated that natural gas and electricity are the most substitutable among energy
inputs. :

The economic interpretation of these estimates is not always straightforward. The
econometric analysis of substitution possibilities among different kinds of energy inputs is
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usually based-on the assumption that energy and capital are weakly separable in production.
In this context, firms are assumed to first choose a cost-minimising energy-mix and
subsequently choose the optimal capital-energy bundle. Strictly speaking, this only makes
sense in situations where dual-fire or multi-energy technologies are available. Otherwise,
substitution possibilities depend on the installation of new capital and, therefore, separability
breaks down. Since firms having multiple power-generating technologies generally represent
a small fraction of the data on whxch most econometric studles are based, cstxmatlon results
should be considered with caution® '

In an attempt to control for this kind of aggregation bias, Sullivan & Siemon (1981)
_ present estimates for elasticities of substitution between petrol, coal, natural gas and electricity
~on the basis of a U.S. data set comprising 459 steam-electric plants capable of buming coal,
oil and gas over the 1969-75 period. By including only plants that already have installed
‘multi-energy technologies, they can interpret their results as upper-bound estimates for
interfuel substitution possibilities. Their estimates suggest long-run inter-energy elasticities
ranging from 2 to 3 for 60 per cent of the plants in the sample, while for 85 per cent of the
plants the elasticities range from zero to 3. These results suggest that plausible elasticity
values for GREEN sunulatxons should approach 2-in the long -run and lie between O 5 and
unity in the medium-term’ -

. As with the other key paranicters of the model, a literature review was undertaken of
econometric estimates of Autonomous Energy Efficiency, Improvements (AEEI). -
Unfortunately, econometric attempts to pin down plausible values of AEEI have been
generally unsuccessful to date. For the United States, results range from no evidence to even
negative values for autonomous time trends of this type’'. In contrast to this, descriptive
analyses, based on energy end-use data, suggest that AEEI.‘is positive and may even be
. expected to increase over time.

'B. Parameterisation of other models

A review of the parameter values imposed in other models which address the CO,
issue yielded a limited amount of information, due to the heterogeneity -of model structure,.
geographical coverage and time horizons. In addition, with a few exceptions, notably Whalley
and Wigle (1991) and Edmonds er al. (1987), authors do not report having undertaken
extensive literature searches backing their choice of values. Finally, although model results
~ appear to be crucially dependent on the elasticities chosen, few authors report results of
sensitivity analyses’™.

The review of models covered inter-factor and inter-energy elasticities in production
as well as energy supply elasticities, AEEI and inter-enetgy substitution elasticities in final
demand. Table 12 provides a summary of the main features of rhe surveyed models. Their
parameterisation is summarised in Table 13. »

Surprisingly, most models addressing the CO, issue have nesting hierarchies based on
a capital-labour bundle, in spite of the fact that -- as noted above -- this choice finds little-
empirical support in the econometric literature. Imposed elasticities of substitution between
the capital-labour bundle and energy range from 0.25 (Bergman, 1988) to 0.4 (Manne and
.Richels, 1990) or 0.5 (Whalley and Wigle, 1991). The review of the models also provlded
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very little information on the value of the inter-energy elast1c1ry of substmmon in production.
For instance, Whalley and Wigle (1991) arbitrarily set this elasticity to unity, citing the lack
~of compelling econometric evidence. On the other hand, inter-fuel elasticities in final demand
are generally assumed to be larger than the correspondmg production elasticities, reflecting
easier substitution possibilities for goods such as heating. For instance, Whalley and Wigle
(1989) use a value of 4 for this elasticity, while Edmonds and Bams (1990) set this elasncnty
to 3.

* Vety little backing was also found for energy supply elasticities and AEEI, reflecting
~ the lack of unambiguous econometric estimates of these parameters. As to supply elasticities,
Edmonds and Bams (1990) use a long-run value of 1.0 for oil and coal, while Whalley and
Wigle use a supply elasticity of 0.5 for carbon-based energy resources™. For AEEI, most
modelers have assumed values based on economic reasoning. Thus, Manne and Richels (1990)
assume, in early simulation periods, values of 0.25 per cent for the USSR, 0.5 per cent for
the OECD and 1 per cent for China, arguing that the lower the level of industrialisation in
a region the higher is the scope for technical progress in the use of energy. On the other hand,
Mintzer (1987) assumes different AEEI values for different kinds of fuels, with the lowest
for nuclear energy and the highest for natural gas. :

" C. Parameterisation of GREEN

, Tables 14-18 report the values imposed on the keéy parameters (a)-(k) of GREEN.
CO,-emission coefficients (1) are reported in Table 3. Although the choice of parameter values
was guided by the literature search and the other sources of information described above, a
‘number of simplifying assumptions were made. First, identical values for the CES elasticities
of substitution were imposed in all regions, in production, international trade and in the
. government sector (Table 14). This is not very realistic, but the literature review provided
little guidance on ¢ountry-specific values for these parameters. Intemational trade elasticities
are smaller than those imposed in the WALRAS model-due to the medium-term nature of
‘GREEN simulations. Substitution among government inputs is the same as in the WALRAS
model. Second, inter-energy elasticities of substitution were assumed to be the same for
producers, consumers, the government sector and in the "production” of the typical investment
- good. Third, elasticities of substitution between conventional and backstop energies were
assumed to be equal in all sectors. Fourth, in the absence of any empirical evidence,
disinvestment elasticities were assumed to be identical across both sectors and regions, while
depreciation rates were assumed to be identical across regions (Table 18)7‘

Table 15 reports income elasticities of consumer demand. Consistent with empirical
evidence, these were assumed to be higher for all goods in less developed regions. Table 16
presents supply elasticities of fixed factors. Since empirical evidence on these parameters is
virtually non-existent, these values largely reflect Secretariat priors™. In general, upward
‘elasticities were assumed to be higher in regions where fixed factors are more abundant.
Upward and downward elasticities for fossil fuels are defined relative to potential supply of
“these factors, assumed to be almost infinite for coal and finite for oil and natural gas in each
period. The low upward elasticity of the carbon-free resource reflects the important costs
associated with the extension of existing non-fossil energy supply (e.g. nuclear power).
Finally, Table 17 reports the parameters of the resource -base sub-model which are assumed
to be equal to their base-year observed values™.
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- As with all AGE models, the critical issue is not the magnitude of the parameters per

se, it is the sensitivity of simulation results to the particular choice of parameters (a)-(1).
While certain parameters -- such as CO,-emission factors, depreciation rates and extraction
rates -- are not very controversial, others are surrounded by a large degree of uncertainty. It
is essential to know which of the latter can affect in important ways the simulation results.
The results of some limited sensitivity analysis with alternative values of the inter-energy
" elasticity of substitution, AEEI and the foreign trade elasticities are reported in Bumiaux,
Martin, Nicoletti and Oliveira Martins (1991). They show that CO,-emission paths, carbon
 tax levels and welfare effects depend crucially on inter-energy elasticities of substitution,
AEEI and on supply elasticities of the fixed factors -- particularly of the carbon-free resource.

VI. CALIBRATION

Given the specification of the model and numerical values for its key behavioural
parameters, GREEN has been calibrated using: the benchmark-year data set described in
Section IV. In static AGE models, the calibration procedure. involves adjusting a certain
- number of parameters in order to obtain a solution of the general equilibrium system that -
reproduces the observed data in the base-year. In a dynamic model such as GREEN,
- calibration also requires that any other exogenous constraint on the transition path from the
base-year to the end-year equilibria be satisfied. Therefore, dynamic calibration results depend
not only on the benchmark data set but also on the values of exogenous variables along the
transition path. -

In GREéN, the exogenous variables are: (i) the real world prices of backstop products

( I-> B ); (ii) the production targets for crude oil and natural gas in each region and in specific
periods; (iii). real output and population growth in each region; and (iv) Harrod-neutral

_energy -augmenting technical progress in each sector i and region r (AE) -- the so-called

"autonomous energy efficiency improvement" (AEEI). Given these exogenous variables, a
sequence of temporary equxhbna is computed from 1985 to 2050, under two crucial
assumptions: (i) the economy was in equilibrium in 1985; and (ii) the growth path from 1985
to 2050 is balanced, i.e. along the path the capital-labour ratio remains constant in efficiency
units. Other assumptions relate to the closure of the model. These concem in each region (i)
‘government real expenditures, which are assumed to grow at the same rate as aggregate
output; (ii) the government budget, which is assumed to be fixed in real terms at its
benchmark-year value; and (iii) the current account, which is assumed to be fixed at lts
benchmark-year value in terms of the numérazre of the model.

These assumpnons make it possxblc to compute values for the following “static”
cahbratmn parametcrs

(a) ‘the CES distribution parameters associated with the choices of firms ((ff . ¢.': .

D I D I D !
o, &), consumers (¢’,,,H,} Q.. @), gOvernment (a"c, (r',G, @ &) and
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with the Ammington specification of international trade (a.j ), the production

of the investment good (o', «;. 1 @ ,) and stockbuilding (a{,p a?,,. a_',,)”;

sb

(b) the subsistence quantities of the. consumer goods (y,) and the aggregate
marginal propensity to consume (p);

(c) the constant intercept of the income-tax schedule (v) and the ad valorem tax

rates on domestic and imported non-energy intermediate goods (1:?, ‘t:);
o (d) the constant terms in the fixed-factor supply functions (®;);
as well as for the following "dynamic" calibration parameters:

(e) the price elasticities of the depletion rate or the level of yet-to-find reserves («;
and v, respectively) for crude oil and natural gas and their associated constant
terms (£ and Y|, respectively) as well as the conversion rates themselves (d,).

) (6 the rates of Harrod-neutral -tech_nical progress affecting labour and the

capital/fixéd factor:b.undle'in each'secto_r (}\f and A, respecti§ely).

The calibration of the resource depletion sub-model requires some discussion, since
the procedure involves several steps. The procedure is based on equation (60) of Section IIL
Each regional sub-model is calibrated in order to reproduce some plausible production targets
for crude oil and natural gas in a reference oil price scenario, PCO This ensures that the .

production paths for fossil fuels are consxstent with medium- tcrm projections supplied by
energy experts or by simulation models that concentrate only on the energy sector. In the
current version of GREEN, these projections are drawn from several sources, including
Intemational Energy Agency (IEA) forecasts for the year 2005.

" Given the level of potential production for fuel i projected in period t in the reference

price scenario (Q‘ ), the level of reserves implied by this production target (RES, ) is given
by equation (57) of Section III. Therefore, in principle, it is possible to derive the reference

value of the conversion'rate d,” by solving equation (60) with respect to d,”*. Denoting by RES,,
base-year reserves of fuel i, the equation can be rearranged to yield:

(RES7|RES,p) - (1-r)'

Ldr 0 o @
j;r," ’

div =

The conversion rate can be derived as the fixed point of equauon (63) in the range [O 1].
Given the high degree of the polynomial in d;, the solution must be found by numerical
methods and the equation can have multiple real or complex roots. Fortunately, in most of
the cases the equanon yielded a unique real solution in the admissible rang

59



Once the depletion path is calibrated to a reference price scenario, the second step
consists in deriving the elasticities of d; and YTFR, to the oil price. To this end, two price

scenarios were provided by the IEA: (i) a low-price scenario ‘15‘—’3, in which the real world

. price of crude oil is fixed at its 1990 level ($19 per barrel) throughout the period; and (ii) a

"in the low- and high-price scenarios (d"’w and

high-price scenario PCO in which the oil price rises to $32 per barrel by 2000 and then

remains constant until 2020 In each region, production targets corresponding to the low- and

high-price scenarios (Q,lfw and Q, Meh  respectively) \are provided®. Using the same
procedure descrlbed above, equation (53) can be used to find values for the rate of conversion

d“‘", respectively). Downward price -

elasticities can then be calculated numerically as follows:

: ‘Lo d” - Logd™ o
of = g—‘co' v 8—-‘co - ' (64)
LogPC - LogP< |

Similarly, upward elasncmes can be calculated using d, ek and Pco,. in the above -

equation.. Altematxvely, the elasticities of YTFRi to oil prices can be derived by fixing
coefficients d, at their values i in the reference price scenario and solving equation (63) with

respect to YTFR,. Assuming that the initial estimate YTFR,, corresponds to the reference

price scenario, the values of the yet -to-find reserves unphed by the production targets
corresponding to the low- and high-price scenarios can be used to derive upward and

downward oil-price elasticities of YTFR, (v,)*.

 Table 19 reports the values of the exogenous variables. Growth rates of real GDP by
region reflect the assumptions of the Energy Modeling Forum (EMF12) exercise. AEEI is
assumed to be equal to 1 per cent in all periods and in all regions. This extreme simplifying
assumption reflects the large range of uncentainty surrounding this key exogenous variable.
It is, however, very close to the AEEI values assumed in the latest IPCC scenario. Therefore,
figures in Table 19 must be taken as benchmark values reflecting a state of ignorance,
although their choice does follow the conventional wisdom in energy forecastmg that the
energy/output ratio is expected to decline by 1 per cent.a year.

Exogenous variables can have the same crucial influence on the simulation results as
some of the key parameters described in the previous Section. In particular, the AEEI plays
a key role in any analysis of the CO2 issue, since ceteris paribus the higher is its value the
lower is the growth of emissions™. Similarly, an important role can be played by GDP and
populatron growth rates, which affect the growth of energy demand.
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In GREEN, capital is a "produced" good. However there is no explicit capital-
producing sector since the capnal good is a bundle of intermediate goods and services
only.

Fossil and non-fossil fixed factors cdrréspond to available resources of coal, natural
gas, crude oil and the carbon-free energy source, which includes hydroelectric and

‘nuclear power. These are primary. factors, which eamn the rents associated with their -

scarcity. It is assumed, for simplicity, that these rents are identical to the operating

~ surpluses of the comresponding sectors.

In GREEN, labour and capital are not tradeable and their supply is limited and uneven
across regions. Therefore the price of backstop products would tend to differ
internationally. Since a unique exogeneous world price for each backstop product is
imposed, the rents associated to the scarcity of these two primary factors are
redistributed in each region to domesnc consumers.

In pracnce,- it is assumed in the model that all countries/regions supply oil at potential
except the energy-exporting LDCs. :

'Production technology has a nested CES structure, which implies separability among

subsets of different input bundles.

Capital is assumed to be perfectly mobile’ after 2010, when the step length of
sxmulanons increases from five to twenty years.

A similar approach to the treatment of adjustment costs in an AGE model was used
by Fullerton (1983)..

Alternatively, the onl price can be assumed to be exogeneous over the simulation
penod

~ In making this choice, consumers face the same range of conventlonal and backstop

energy products as firms.

This atemporal speciﬁcation of consumer behaviour makes it impossible in the current
version of the model to compute changes in intertemporal welfare implied by policies

- aimed at curbing the level of CO, emissions. Welfare comparisons can only be

performed using static welfare indicators such as changes in household real income
-~ the so-called "Hicksian equivalent variation”. These can be cumulated over time
using an ad hoc rate of time preference. ' o
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13.

14.

- 16.

17.

18.

19.

20,

21.

22.

The demand model derives from the Extended Linear Expenditure System (ELES),
first proposed by Lluch (1973). The version of the ELES embodied in GREEN s
atemporal [Howe (1975)]. In this formulation, the marginal propensity to save out of
supernumerary income is constant and independent of the rate of reproduction of
capital. '

These issues are discussed in Whalley and Wigle (1991)..

Since no separate carbon-free electric sector is distinguished in GREEN, the tax is
applied at the level of the fixed factor in the electricity sector.

It is also possible in principle to implement inrer-regzonal agreements. In this case,

- trade in permits only occurs between the regions participating in the agreement and
a single carbon tax is computed for these regions.

‘Natural gas and coa] are assumed to be heterogeneous goods due to transportation

costs. These costs are typlcally much -higher for natural gas and coal than for crude
oil.

The real world price of oil is computed with respect to a weighred average of real |

exchange rates in the four OECD regions. On the other hand, in each country/region,
the real exchange rate is defined as the ratio of a weighted average of domestic
primary factor prices to the numéraire of the model which is the price of labour in
the United States.

_These assumptions imply that imbalances in the govemment budget and in
~ international trade as ratios to natronal GDPs converge to zero in the long-run, due to

GDP growth.

- Static expectations are typically inconsistent with actual economic outcomes over time.

Therefore, future events -- such as pre<announced carbon taxes or depletion of

- exhaustible resources -- do not have any influence on agents’ decisions and market -

outcomes, until they actually occur. The leading alternative expectational hypothesis
is perfect foresight. However, in practice, no software currently exists which is capable
of solving a large multi-sector, multi-region dynamic AGE model such as GREEN
under the hypothesis of perfect foresight. This techmcal issue is discussed in Shoven
and Pereira (1988). . . .

‘As in rnost other' dyr\amic AGE models, convergence to a balanced growth path is not

guaranteed, but can be imposed through a suitable calibration of the parameters of the
model. The resulting path is not necessarily unique, since there may be several ways
to calibrate the model in order to ensure convergence.

The number of rental values for old capxtal goods is equal to the number of
contracting sectors.

‘The mode] assumes a constant capnal/labour ratxo (in efﬁcrency units) over the

simulation. period.
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24,

26.

27.

28.

29.

30.

The following notational conventions are adopted in this section. Conventional

production sectors are indexed i = 1,...,8 and backstop production sectors are indexed
m = b,, b,, b,, in the same order as in Table 1. Consumer goods are indexed i = {,...,4,.
in the same order as in Table 2. Matrices and vectors are indicated by square brackets
containing their generic element, e.g. if A is a2 (n x p) matrix, it will be denoted A =
{a;]. Endogenous variables and exogenous variables or parameters are separated by a
semicolon as arguments of functions, e.g. if y depends on k endogenous variables
X),-X, and s parameters andfor exogenous variables z,,...z,, the correspondmg
functxon is denoted y = f(x,,....X;; Z;,...Z,).

In practice, given capital inputs K, K, and their rental rates r;, r; in two sectors i and
j (i # j), their observed base-year ratio in value terms is assumed to be equal to the

ratio of their adjusted magnitudes K, and K, whose values are computed at the

fictitious rentals r’ = r/ =1. This yields the followmg relationship between factor
eff:cwncxes and observed factor prices:

KK 1,
KIK) .

- As will be explained below, the carbon tax can be interpreted as the "shadow pxjice".
- of CO, emissions. The carbon tax and the energy tax can be combined in an energy

cum carbon tax. In this case a weighted average of the two taxes -- with exogenous
weights -- is detenmined in equilibrium.

The real world price of crude oil is defined as the price of oil deflated by a weighted
average of real exchange rates in the OECD area. The real world prices of the

" backstop products are defined as the prices of backstops deflated by a weighted

average of world real exchange rates.

Explicit account of tariffs, taxes and subsidies on energy inputs makes it possible to
simulate changes in the fiscal structure aimed at removing exlstmg dxstomons in
relative energy prices.

In practice, there are no fuel-specific taxes on the carbon free sources of energy in the -
model. In addition, T on imported and domestic fuels is not identical, since the tax
on imported fuels is adjusted in order to neutralise the indirect effects of the carbon
tax on domestic intermediate costs. The tax rate on domestic fuels is not applied on
own-consumpnon of fossil fuel i in fossxl fuel sector i.

" The real exchange rate, RE, is defined in-any regxon as the ratio of a wenghted average

of primary factor prices to the numéraire.

- For the expression of the dual-cost of a CES ‘production function, see Varian (1978).

Note that technical progress is associated with only one of the inputs at each stage of
the production process. In addition, it is defined with respect to a balanced-growth
path. Therefore, it is neutral in the sense of Harrod.
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32.°

- 33.

35.

40.

4].

B’ackstop products are also homogeneous, but no incentives to trade exist for these
goods, since they are assumed to be. avaﬂablc in unlimited quantities at thc same price
in all countries.

Given the homogeneity of oil across countries of origin, the input-output coefficients
for oil are determined assuming that countries cannot import and export oil at the
same time. Denoting total imports and exports of oil by M, and EX;, in any sector the
input of domestic and imported oil per unit of output is, respectively:

D - Q; - ;Ex3
- Q- EXy - My
1 - M3
fis Q, - (EX, - M)

with EX, —OleX M, <0 and M, --OIfEXg M, > 0.

~ In the case of crude oil, rents above the normal remuneration of the fixed factor are

generated by the assumption that non-OPEC countries always produce oil at potential.
Therefore, domestic marginal production costs and the world price are not necessarily
equal. In the case of backstop products, whose world price is exogenous, rents derive
from international differences in the cost of labour and capital, which are assumed to
be immobile across countrxes

The ELES was first proposed by Lluch (1973) Both Cobb Douglas and CES demand
systems impose unit income elasticities across goods. Other demand models, such as
the translog or AIDS, are more flexible than the ELES but are difficult to implement
in AGE models. '

Point expectétioxis are expectations held with certainty. A single rate of retum on real
and financial assets can be defined only subject to the assumption of perfect capital
markets. :

- See Howe (1975)

Since subsistence quantmes are defined in per capita terms, the saving rate is constant

‘as long as income grows at the same rate as population and prices are gwen

In GREEN the model is calibrated on a constant marginal propensity to consume. The
price of saving is defined as a weighted average of the prices of consumer goods. An
alternative way to proceed would be to let the rate of return on assets be variable over
time and equal to a weighted average of the rentals on real assets. Consumer choice -
would then be truly intertemporal, with the model being calibrated on a constant rate -
of time preference and the marginal propensny to consume depending on the rate of
return on assets. :

See Annex III for a table of energy conversion factors.

In each region, imports of refined oil products are part of the total demand for pnmary
fossil fuels. : ,
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. 43,

46.

47.

48.

49.
51
52.

53.

Domestic absorption is the appropriate variable, given the assumption that the carbon
tax is imposed on fossil-fuel consumption only. Note that the definition of after-tax
fuel prices of Section II1.A. implies that the ad valorem fuel-specific tax rate will be
lower the higher are the value-added tax rates applied to intermediate goods before the
imposition of the carbon tax.

The energy content of the carbon-free fixed factor is assumed to be proportional to the’
energy content of the production of the electricity sector, with a proportionality factor
given by the share of the fixed factor in total.energy inputs of the electricity sector
adjusted by a calibration parameter A:

Fe
Fg *an.s

The parameter A is calibrated in the benchmark year using the observed share of
nuclear, hydroelectric and other carbon-free energy sources in total energy production

Aj ¢5' Qg

7]
Fg" =

~of the electricity sector. The quantities Fs and FU,, are adjusted dynamically in order
to take into account the differential rates of technical progress attached to fossil-fuels

and the capital/fixed factor bundle.
It is assumed that the government does not "consume” any fixed factor.

Deprecia'tion must be added since personal saving is- computed from disposable
income as defined in sub-section II1.C.(i), which is net of depreciation of capital.

. For backstop products, whose prices are exogenous, equation (52) determines output.

When simulations concem a carbon cum energy tax, the constraint (53) determines an
average tax, which is decomposed into carbon and energy taxes using fixed exogenous

weights.

However, the economic meanmg of a fixed stock of a non—renewable resource may be
quesuoned (see Adelman, 1990).

This coefficient is also called the "resource depletxon factor” in the literature, e.g.
Manne and Richels (1990). : . .

These prices are normalised to unity both in the baseline and altemative scenarios.

The expressions for the indirect utility and expendnture functions for ELES preferences '
can be found for example, in Theil (1980).

The only admissible utility of saving in an intertemporal measure of welfare is that
deriving from last period’s saving.

Normalising by total income unphcs that growth in income and. populanon assign
progressively larger weights on welfare losses distant in the future. This effect is
partly compensated by discounting of the future by the households. A discount rate
of 1.5 percent was chosen, following Auerbach and Kotlikoff (1987).
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54,

56.

60.

61.

- 62.

See Bumiaux et al. (1990) for a discussion of the comparative advantages of this
algorithm in solving large non-linear models and for a detailed discussion of static

- equilibrium determination.

The criterion used assigned a country to this region whenever its net exports of at
least one of the primary energy resources were positive over a sufficiently long period
of time. The classification in Table 4 is based on data for the 1983-86 period from
Energy Statistics Yearbook, 1986, U;n'ted Nations (Table 2, p. 30).

I-O tables for the former Soviet Union and China are based on domestic price
structures that can be expected to involve large distortions, especially in energy
sectors.

“This adjustment process is operated by a RAS subroutine.

An additional problem was created by an apparent anomaly in the I-O table for the -
former Soviet Union, which reported abnormally high own-consumption of crude oil
in the crude oil sector, probably due to Soviet accounting conventions. Since this
induced convergence problems, it was decided to adjust the 1-O table in order to -
reallocate this item to other sectors. .

As a result, total fuel and power use exceeds the corresponding figure from the
National Accounts. The excess was reallocated automatically to the "other industries

~ and services" sector by the RAS sub-routine.

The: closest analog to a CES elasticity in a translog framework. is the so-called
Morishima elasticity. However, the Morishima elasticity is not symmetric. For a
discussion of the various elasticity measures and their comparative advantages, see
Blackorby and Russell (1989). '

Gwen the producnon technology Y = f(X,,.. ,X“), with factor prices W,. W, and
factor shares S, = X;W/Y, (unwezghted) cross elasticities are defined as:

where 0, is the Allen elasticity of the input share i to the price of input j. Therefore,

- Allen elasticities can be inferred from cross elasticities, even if the input shares are .

unknown using the followmg relauonshlp
- l* - ﬂ,, V i
0y = Ny E,,,. E) isj

In some cases, complementarity can result from the inclusion of noh.-production
workers in the data [see Tumovsky et al. (1982)]. The results of Hesse and Tarka

" (1986) suggest that substitutability may depend on the deﬁmtxon of the energy

aggrcgate and that it may have declmed in more recent years.

See for instance, the discussion on energy pnces and productmty growth by Berndt
& Wood (1987). Lo :
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68.
69.
70.
71.
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73.

74.

See, for instance, Norsworthy & Harper (1981) and Berndt, Morrison & Watkins
(1981). Hogan (1989) suggests that these results are due to weaknesses in model
spec1ﬁcatlon :

‘A distinctivc feature of this literature is that t-statistics associated with elasticities are

seldom reported. When they are, lack of significance seems pervasive. -

In the Sprmg 1991 version of GREEN, capital and energy were assumcd to be
complementary th:oughout the simulation period.

The possibility of short-run complemcntanty and long-run substitutability between
capital and energy is a property of the nesting hierarchy of GREEN in conjunction
with the putty/semi-putty technology. Given the CES elasticities between labour and
the capital/energy/fixed factor bundle (p,) and between energy and the capital/fixed
factor bundle (p,), the Allen partial elasticiy of substitution between capital and energy
is (Sato, 1967):

P, - Py
See
where Syg is the share of the capital/energy bundle in total output. For reasonable

values of this share and appropriate values of the elasticities of substitution at each of
the nesting levels, both complcmema.rity and substitutability between capital and

Ope = P, *

 energy can be obtained. This flexibility is lost with alternative nesting hierarchies, - .

such as for instance in the Global 2100 model of Manne and Richels (1990).

Unfom_mately, these authors report only cross elasticities between natural gas and
other energy inputs, making it impossible to derive Allen elasticities comparable to

those in Table 11.

For instance, estimates of negative elasticities probably reflect the lack of dual- or
multiple-fire capabilities, rather than complementarity between energy inputs.

’

'Furtﬁenh"ore, given the assumed CES technology, it niight be desirable to incorporate

additional nesting levels in the production structure -of GREEN, in order to account
for the possible lower substitutability between subsets of the energy inputs -- such as '

: gas and coal

See Brown and Philips (1989), Hogan (1988) and Jorgenson and Wilcoxen (1989) for
the first type of results, and Hogan and Jorgenson (1990) for neganve estimates of the
AEEI over the 1958-79 period.

Whalley and Wigle (1991), Manne and Richels (1990) and Bergman (1988) are the

.only authors who report the results of sensitivity analyses.

bEsnmates of supply elasticities usually concern the OPEC countries and focus on the

strategic supply response over relatively short periods of time [Kouris (1981), Pmdyck
(1979)]. Therefore, they provxde little guidance for parameter values for use in long-

" run models

Depreciation rates were kept constant at base-year levels computed from OECD
National Accounts Statistics.
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76.

7.

78.

79.

 80.

_ 81.

- 82.

On the lack of empirical estimates of energy supply elasticities, see also Whalley and
Wigle (1991). '

Data for the computation of these parameters was drawn from Masters, Root and
Attanasi (1990). v

No base-year values were available for the distribution parameters of the CES nest
corresponding to the choice between conventional and backstop energy sources, since
these will exploited only in the future. Therefore, an arbxtrary value of 0.3 was
imposed in the calibration procedure.

In the Energy-Exporting LDCs a conversion rate of 0.1 was imposed in order to match
a reasonable production profile. Furthermore, the extraction rate was adjusted
downwards in order to account for the fact that oil producuon in this regxon was
below potential supply in the base year.

In a few cases, the equanon admitted two solutions; in these cases the implausible
values, e.g. too high or too low values of d;, were dropped. In other cases, it was
necessary to modify one calibration parameter in order to find a unique solution. The

“adjustment was mainly made via the parameter r;, but an altemnative solution would

be to modxfy the mmal estimate of YTFR1

No low and hxgh—pncc scenarios were available for the CEECs, the DAEs Brale
India and RoW. Upward and downward elasticites of 0.1 were imposed in these
regions.

In the current version of the model yet-to-find reserves are assumed to be at the upper
bound of their uncertainty range and the resource sub-model is calibrated on the
convcrsnon rate d

For instance Manne and Richels (1990) argue, on the basis of sensitivity analyses of |

~ their model, that a reduction of the AEEI from 1 to O per cent per annum would

double energy demand by the year 2050.
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 ANNEX I:

- Sources for countries with available Inpu’t-Outputgubl'es :

Auslnha Australian Bureau of St.ansucs
Canada : Statistics Canada. Qmmw OtuWa. 1988.

Denmark : Danmarks Statistik. Input-output tabeller og analvser, 1985, Copenhagen 1989.

Finland : Central Statistical Office of Finland. National Accounts. Emgj_hmﬂm[_mmﬂmm_lm Hcl#inki. 1988.

France : . INSEE. "Tableau des Entrées-Sorties 1985." Paris, 1989.

. Canberra, 1989.

Germany : Statistisches Bundesamt. Yo
1988.

Japan : Research and Statistics Department, Ministry of Imcmnnonnl Trade and Industry. Milmjmmm Tokyo, 1987

Netherlands CBS. Emﬂzk:kmmm Input-Output Table for the Duich Economy 1985. The Hague, 1987.
Norway : "WMAT Selgerverdi 1985 " Supphed to the Secreunn by the nnuoml wﬂmues

Spain : Instituto Nacional de Estadistica.

U. K. : “The Use Matrix - Commodity Amlysis of Purchases by Indnstry from Domiestic Production in 1984."

- US.A.: US, Dcpmment of Commerce / Bureau of Bconomxc Amlysls "Survey of Current Business.” thmgton D C.
January 1990 . : .

China, P.R. :'National Centre for Development Stdies. Research School of Pacific Studies. The Australian Ntuoml
University. "Modelling the Post-_Refonn Chinese Economy.” Will Martin. Canberra, 1990.

U.S.S.R.: "L’Economie Soviétique en Libre-Echange, les Conditions Initiales du redéploiemént économique.” dénrd

Duchéne et Claudia Senik-Leygonie. Contribution au colloque international “Les relations entre Ia
Communauté européenne et I'Europe de I'Est.” Université Bordeaux-1. 4-6 October 1990.

India- : Central Statistics Organisation, Department of Stausucs, Indun Mu‘usr.ry of Planning Jnmn_QnmuLIunsmnns_
mummﬁ New Delhi, 1990.

Bulgaris and Czechoslovakia: World Bank data.
~ Hungary : National lemng Office. Inpm.anLMnmx.lﬂ&Q

Poland : Commission of the European Communities - M.Esgmmx.&mmmamﬂmiumﬂnmm&m;
Wﬂwmwmm&m 1991

Romania : National Commnssxon for Sunsucs

Yugoslavia : Savezni zavod 2a statistiku. mmmgwmmﬂammm&
Delatnostima, 1988. Beograd, 1990.

USSR and Eastern Europe : Vienna Institute for Compann'v_e Economic Smdies. _COMECON data 1989. Vienna, 1990.

Brazil : Fundu;io instituto brasileiro de geografia e estatistica. Matriz de insumo-produto Brasil - 1980. }l.tio de Jmeﬁ. 1989.
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 Morocco : Matrice de Compuabilité sociale. Maroc 1985,

14



Annex I

The "Minimum Information Procedure": The Case of Nigeria (1983)

Nigeria has been chosen to illustrate the case of a country for which data sources are very
sparse. No National Accounts for Nigeria are available after 1983; therefore, the "minimum
information procedure” has been used to estimate a 1983 I-O table. In addition, data from

“the UN Industrial Statistics are missing. A short description of the method used to produce
a Nigerian data set is as follows:

Agriculture: primary factors are estimated from National Accounts figures and
corresponding inforrnation from the data base for Libya and Cameroon.

Crude oil and natural gas: estimates based on world prices (see Table 6) yield
a $13.2 billion value of crude oil output and a $0.5 billion value of natural gas
output. The corresponding estimate of the total value of crude oil and natural gas
based on the National Accounts is $16.2 billion. Given export values obtained
from trade statistics, these figures would imply an upward domestic/world price
bias of 18 per cent. In the absence of any better information, it was decided to
assume an upward bias between domestic and werld prices of 10 per cent only,
which implies that our estimate of the total output value for crude oil and natural
gas is 13.5 per cent lower than the corresponding estlmate based on National
Accounts.

Refined oil: the output value is obtained by i) assuming that all the crude oil
which is not directly exported-is used by refineries (therefore, there is no other
intermediate or final use of crude oil); and ii) estimating the value of refined oil
output by applying a fixed technical coefficient (drawn from the U.S. 1-O. table)
to this intermediate use of crude oil.

Electricity: value added comes from National Accounts and the output value is
estimated by applymg the U.S. producnon structure to energy mputs estimated
from the IEA data.

Energy-intensive industries: value added and output data are usually provided
by the UN Industrial Statistics. Since, in the case of Nigeria, these data are

missing, they are estimated by applying the same energy input coefficient of

countries where this information is available to the energy input figures estimated

from the IEA balance sheets.

Household consumption: values of household consumption demands for the four
consumer goods are obtained combining National Accounts data and the
consumption shares reported for 1980 in "World Comparisons of Purchasing
Power and Real Product for 1980", United Nations, Eurostat, 1987.

Energy uses: they are derived from the structure of uses estimated in note [16]
of the following table on the basis of the IEA Abbreviated Energy Balances.

In countries for which UN Industrial Statistics are available, these data can be used to obtain
better estimates of the output values of the refined oil, electricity and energy-intensive sectors. -
Blank areas in the following table are filled up on the basis of the I-O table of another
country (for instance, Indonesia) for which complete data are- available, using the RAS
biproportional adjustment method.
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TABLE 1

Sectors of production in GREEN :

7.

8.

. AGRICULTURE

. COAL MINING (conventional)

. CRUDE OIL ‘(conventional)

. NATURAL GAS (conventional)
. REFINED OIL PRODUCTS

. ELECTRICITY, GAS AND WATER DISTRIBUTION

(conventional)

-ENERGY-INTENSIVE INDUSTRIES

OTHER INDUSTRIES AND SERVICES

- bt. CARBON-BASED BACKSTOP FUEL

_ b2. CARBON-FREE BACKSTOP FUEL

. b3, BACKSTOP ELECTRIC OPTION
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TABLE 2

Breakdown' of household consumption in GREEN R

1. FOOD .AND BEVERAGES
2. FUEL AND POWER
3. TRANSPORT AND COMMUNICATION

4. OTHER GOODS AND SERVICES
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Table 5. Sectoral definitions in GREEN.

carbon-free energy sources.
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ISIC SITC

Sectors H
o 00 + 034 + 036

1) Agriculture| 11 - 13 (041 to 045) +
’ 054 + 057 + 07].
(2 - 26 - 266 -
27 - 28

2) Coal mining 210 - 322 + 328

3) Crude oil 220 333

4) Natural gas 220 341

5) Refined 353 + 354 334 + 335
oil o

6) Electricity, 4 35

| _gas, water (1) '

7) Energy 341 + 351 + |(25 +64) + 5 +
intensive 352 + 371 + 67 + 68
industries(2){ 372 B

'|8) Other ind. | 230+290+rest| 1+2+4+(6 to
and services| of 3+ 510 9 |9)-(64+67+68

3

(1) includes hydro-electricity, electricity produced 6y_ nuclear power and by othér

(2) Includes paper and pulp products (ISIC 341), chemicals (ISIC 351 and 352),
iron and steel (ISIC 371), and non-ferrous metals (ISIC 372).
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TABLE 7a. Survey of interfactor and interenergy elasticities of substitution
Econometric estimates: capital-labour substitutability (a)
’ North America ’
Author INTER Carrere. Chung Pindyck Bemdt Delorme & Lester
LINK(b) & Devezeaux (1987) (1979) & Hesse (1986)
(1987) (1988) : (1986)c)
Country CY) (e)
uUsa 0.74 1.55 045 1.23 1.41 045
CAN 0.64 121 047 1.43 0.48 0.74 1.12 :
35 | 103 |
Model (KEIL KLE KLE . | KLEM | KLIPCGEIM | KLENE KsKeLEMI
CES Translog Translog | Translog Translog™ - Translog Translog
Data AgeTS | AggTS | AggCCTS | ManTS 'Agg.CC-TS Age.TS Man.CS-TS
60-83 60-84 60-84 47-1 . 59-713 60-82 61-80
Comment Mapn. durables
Man.non-durables

Notes: (a) Allen elasticities; .

(b) Jarren & Torres (1987);

(c) Alien elasticities computed from output elasucmes.

(d) Elasticity between structures and labour;

(e) Elasticity between equipment and labour.

TABLE 7b. Survey of interfactor and interenergy elasticities of substitution
Econometric estimates: capital-labour substitutability (n)
Pacific
Author INTER - Macro Carrere Tumovsky Pindyck
LINK®) | models & Devezeaux ctal 1979)
(1987) . {c) (1988) (1982)
‘Country
JAP 0.32 0.78 054 0.7
ASL 0.42 05-... 2
NZD 0.44 0.69
Model (KEJL KL  KLE " KLE KL{PCGRIM | KL{PCGEM
' CES CES Transiog Translog Translog Translog
Data Agg.TS Agg. TS Agg.TS Agg.CC-TS ManTS Agg.CC-TS
‘ 60-83 () 60-84 60-84 " 4675 . 5913
Comment : . Biased :
. ) - technical .
Nouu (s) . Allen elunques. :
(b) Sources are Jm'en & Torres (1987) for Japan and Torres et nl. (1989) for Australia and New
Zealand; .
(c) Nunmll macro-cconametric mode! estimates [as reported in Jarrett & Torres(1987)).
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TABLE 8a. Survey of interfactor and interenergy elasticities of substitution -
Econometric estimates: labour-energy substitutability (a)

Nonh America
Author. Carrere Chung Pindyck Delorme & Lester
& Devezeaux (1967) {1979) (1986)
(1988)
Country
USA 0.24 0.99 19 -0.0§ 0.66
CAN 092 0.99 0.42 0.62
Model KLE KLE KLEM -KL{PCGEI]M KsKeLEMI
Translog Translog Translog Translog Translog
Data Agg. TS Agg.CC-TS Man.TS Agg.CC-TS Man.CS-TS
60-84 60-84 4711 - 59-713 61-80
Comment © Manuf. durables
Manuf. non-
durables

Notes: (a) Allen elasticities.

TABLE 8b. Survey of interfactor and interenergy élasticities of substimution

Econometric estimates: labour-energy substitutability (a)

Pacific
Author -Carrere Tumovsky Pindyck
& Devezeaux et al. (1979)
(1988) (1982) :
Country - »
JAP 0.54 0.98 l..15
ASL 27
Model KLE KLE KLIPCGEIM | KL[PCGEIM
Translog Translog Translog Translog
Data Agg. TS Age.CC-TS Man.TS Age.CC-TS
60-84 60-84 46-75 59-13
Comment Biased
technical
progress

Notes: (a) Allen elasticities.
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-TABLE 8c. Survey of interfactor and interenergy elasticities of substimtion _

Econometric estimates: iabour-energy. substitutability (a) -

Europe
Author Carrere - Iimakunnas : Pindyd; Hesse &
& Devézeaux - . & Torma 1979) Tarka
(1988) (1989) : (1986)
Elasticity Oy5 G . “Oiam Ors O Oum
Country
GER 0.54 0.99 o 1.23 03 0.14
FRA 0.74 0.99 1.17 0.04 0.12
UM | 079 099 S 026 | 036
ITA 1.15 0.98 ' , .1 026 | . 0.4
BEL 05 023
FIN 055 0.0 0.26 0.02
NET ' 141 617 | 007
NQR 1.14 ' 02 0.18
SWE 1 0.13 -0.05
Model KLE KLE KLEINEIM KL{PCGEIM - KLEINEIM
Translog Translog Gen.Leont Translog Translog
Daa Agg.TS Agg.CC-TS Man.CS-TS [ Agg.CC-TS Agg.CC-TS
60-84 60-84 60-81 59-73 - 7380
Comment " Post-1974 estimates Biased tech.
i : change

Notes : (a) Allen elasticities.
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TABLE 10b. Survey of interfactor and interenergy clasticities of substilution
Econometric estimates: capital-energy substitutability ()
Pacific
Oyg Opx O
Author INTER Tumovsky Pindyck (1979} Carrere & Hogan Hogan
’ LINK(b)- et al. Devezesux - (1989) (1989)
(1987) (1982). - (1988) ‘
Country © (c)(d)
JAP 0.95 0.74 021 078 0.66 0.82
ASL 226
Model [KE]JL - KL[PCGEIM KL[PCGEIM KLE [KL]EINEIT [KL]EINEIT
CES Translog Translog Translog . Dynamic Dynamic
Translog Translog
Data Age.TS Man.TS Agg.CC-TS Age TS | AggCC-TS Agg.TS Agg.TS
60-83 46-75 -59-713 60-84 60-84 60-84 60-84
Comment - Biased Long-run Long-run
technical elasdcity - . elasticity
progress between KL between KL
bundle and E1 bundle and
NEI
Notes: (a) Allen elasticities; ) ) .
(b) Sources are Jarret & Torres (1987) for Japan and Torves et al. (1989 for Australia;
- {c) Allen elasticities estimated from cross-price elasticities;
(d) NEI does not include transport oils (T).
TABLE 10c. Survey of inlerfactor and interenergy clasticities of substitution
Econometric estimates: capital-energy substitutability ()
: Europe
Elasticity Oxs Omx Oyex
Author INTER Pindyck (1979) * Carrere & Bemdt & ' Hesse & Bemdt & Hesse &
LINK(b) Devezeaux Hesse - Tarka Hesse Tarka
(1987) (1988) (1986)(c) (1986) (1986)(c) (1986)

Country -

' GER 04 066 . -0.69 073 0.94 0.5 -1.57 0.48
FRA 0.58 056 " 166 057 0.14 048 0.88 161
UKM 0.67 036 658 0.56 -0.81 0.35 0.17 0.64
ITA 0.77 0.67 -1.28 o 0.39 043 067 0.58
BEL 05 0.51
FIN -2.24 0.66 7.43 0.7

- NET 0.59 0.69 0.74

NOR . 0.59 1.21 0.46 1.56 0.49

. SWE 0.63 0.69 0.18 3.63 05
Model [KEJL | KLI[PCGEIM KLE KLEINEI {KLEINEIIM KLEINEL [KLEINENM
CES Translog Translog Restricted Translog Restricted Translog
. Translog Translog.
Data Agg.TS Ags.CC-TS AggTS | Agg.CC-TS Agg.TS Agg.TS-CC Age.TS Agg.TS-CC
: 60-83 59-713 60-84 60-84 60-82 73-80 60-82- 73-80

Comment Biased tech. Biased tech.

change change -

Notes: (a) Allen elasticities;

(b) Jarreut & Torres (1987);
(c) Allen elasticities estimated from output elasticities.
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TABLE llc. Survey of interfactor and interenergy elasticities of substitution
Econometric estimates: interenergy elasticities (a)

Notes: (a) Allen elasticities.

Europe
Author lmakunnas » Hesse & Griffin -
& Torma Tarka 1977
(1989) (1986)
Elasticity v Gwa | % | S | 0w
Country |
GER 138 08 [ 03 | o1
FRA 1.45 05 ] o0s | 02
UKM 1.24 22 | 04 | 003
ITA 131 13| 11 ] 004
OST 05 | 06 | 02
‘BEL 1.2 0s 06 | o2
DEN - | os .
FIN 091 127 07 | o1 | o1
GRE » -] -
"IRE - 14 | -
NET 128 19 | 05 | 003
NOR 1.4 - | ss | -
POR ' 17 | 10 | 007
SPA 29 | o5 | 005
- SWE 1.51 82 | 31| o8 .|
Model KLEINEIMM. | KLEINEIM KL{PCG]
Gen.Leont. Translog Translog
Data ManCS-TS | Agg.CC-TS |  Eleatricity sector
60-81 73-80 ~ OC-TS 5569
Comment . Post-1974 Biased Neutral tech.change
estimates lec_h.change _
e
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Table 13

Values of elasticities/parameters used in different models

I 1y ici

Whalley and Wiglé (1991) . Carbon based N 0.5.

' ' (sensitivity analysis 0.1 to 1.5)
Edmonds and Barns (1990) 0il 1.0
’ : : Coal 1.0

nter-£f rand i I- r 1 ici

i) Elasticity of substitution between KL bundle and E

Whalley and Wigle (1991) 0.5
Manne and Richels (1990) OECD 0.4
: ' elsewhere 0.3
Bergman (1988) | Sweden 0.25"

‘(sensitivity analysis 0.1 to 0.5)
ii) Inter-energy elasticity of substitution
Whalley and Wigle (1991) 1.0

iii) Inter-fuel elastiéity of substitution in final demand

Whalley and Wigle (1991) g 4.0
Edmonds and Barns (1990) 3.0
Autonomous energy gfii;iéngy improvement
(average annual increase in %)
‘Manne and Richels (1990) . 1990 2050
| OECD 0.5 0.5
China-- 1.0 0.5
E. Europe 0.25 0.5
RoW 0.0‘ 0.5
 Mintzer (1987) "Coal and nuclear : 0.2
‘ ' "~ (sensitivity analysis. = 0.2 to 1.5)

0il, gas, unconventional oil 0.3
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Table 16: Own-price elasticities of fixed factors ("f)

Factor (1): ~ Land Coal Oii  Natural Carbon
’ gas free

United States 20005 4.0 ® @ o 00 30 0.2 =
Japan 1.0 0.5 4.0 « = 0.0 3.0 0.2
EC o 1.0 0.5 4.0 ® @ 9w 0.0 3.0 0.2 =
Other OECD 10 0.5 40 « o 0.0 3.0 0.2 =
CEECs 30 0.5 5.0 0. @ = 0.0 4.0 0.2 -

: Eﬁergy Exporfing . _ . '_

" LDCs 3.0 0.5 5.0 = 0.0 3/1(2) = o 02
Former Soviet Union 3.0- 0.5 4.0 o w © - . 0.0 4.0 0.2 =
India | 3.0 0.5 50 © o = 0.0 4.0 0.2 =
China 3.0 05 50 = e = 0.0 4.0 0.2
'DAEs - 30 05 50 o o w 0.0 4.0 0.2 «
Brazil - - 3.0 0.5 50 ® o o 0.0 4.0 0.2 =
RoW } 3.0 0.5 50 » o o 0.0 4.0 0.2 w

N

1; The first figure is the upward supply elastzclty, the second flgure is the
downward supply elasticity.

2. Elasticities phase in between 1990 and 2050.
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Table 18: Other Parameters (all sectors)

Parameter: Disinvestment : Depreciation rate
' elasticity (2)

United States ' 0.7 | 0.027

Japan | | 0.7 - 0.029
EC _ ‘ | 0.7,'> C . 0.017
Other OECD < 0.7 - 6.022
CEECs | 0.7 o : 0.015
Energy Exporting LDCs (1) 0.7 . ©.0.023
Formér Soviet Union 0.7 | © ’ 0.032
India . 0.7 . e 0.018
China 0.7 < - 0,013
DAES o 0.7 v 0.015
Brazil = ' 0.7 w ¢ 0.014
RoW : 0.7 m 0.016

1. A larger disinvestment elasticity was imposed in the coal mining sector in
order to prevent convergence. problems due to the tendency of the -coal price
to drop to zero in Energy-exporting LDCs when a carbon tax is introduced.

2. The first flgure refers to the 1990 2030 perlod the second to the 2030 2050
period, .
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Table 19. Exogenous variables in GREEN

- AEEI

United States

Population (1) (2)

GDP (1) )

Production targets
Crude oil
Natural gas

EC

(3):.

Population (1) (2)

GDP (1)

Production targets
Crude oil
Natural gas

CEECs

Population (1) (2)

GDP (1)

Production targets
Crude oil
Natural gas

Energy-~exporting ILDCs (6)

Population (1) (2)
GDP (1)

Fozrmer Soviet Union

‘Population (1) (2)

GDP (1)

Production targets
Crude oil
Natural gas

China

Population (1) (2)

GDP (1)

Production targets
Crude oil
Natural gas

Japan

Population (1) (2)

GDP (1)

" Production targets
Crude oil
Natural gas

{3):

(3):

(3):

(3):

(3):

1985-1990 1990-2000 2000~2010 2010-2030 2030-2050
1 1 1 1 1
.. 0.79 0.43 . 0.04
2.6 2.6 2.1 1.7 1.4
. 0.68 (4)
1.3 (5) .

.. 0.12 -~0.09 . -0.27
2.3 2.2 1.6 1.4 1.
0.84 (4)

1.21.(5)

.. 0.41 0.27 .. 0.13
2.7 2.7 2.1 1.8 1.4

.. 0.85 (4)

2.05 (5)

.. 2.41 1.81 .. 1.08
3.6 3.6 3.2 2.5 2.2

.. 0.63 0.42 . 0.24
2.5 2.6 2.1 1.7 1.4

) 1.0 (5)

. 1.71 (T}

. 1.34 0.75 . .0.32
4.5 4.6 4.0 3.0 2.7
1.46 (4)

. 7.83 (T)
. 0.38 -0.06 - -0.25
3.8 3.7 2.5 2.1 1.9

1.0 (4»
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Table 19, Contianued

1985-1990 1990-2000 © 2000-2010 2010-2030 2030-2050

Other OECD
Population (1) (2) ’ - 1.27 0.72 .. 0.33
GoP (1) 2.2 2.2 1.6 ’ 1.4 1.1
Production targets (3): .

Crude oil .. - .. 0.94 (&)

Natural gas
India
Population (1) (2) o : 1.87 1.24 .. 0.71
GDP (1) 4.7 4.6 4.1 3.0 2.7
Production targets (3): ) - .

Crude oil - .. . 1.43 (4)

Natural gas N . . .
DAEs
Population (1) (2) L. 1.47 ©0.92 - .. 0.46
GDP (1) 4.4 4.4 3.8 . 2.9 2.6
Production targets (3): :

Crude oil . . 1.0 (4)

Natural gas ’ .. ‘
Brazil
Population (1) (2) .. 1.82 1.1 . 0.6
GDP (1) . 4.4 4.4 3.9 2.9 2.6
Production targets (3):

Crude oil N C .. . 2.0 (4)

Natural gas . . - .. .. .. .
RoW
Population (1). (2) .. 2.63 2.19 . 1.37
GDP (1) _ 3.6 3.5 3.0 2.3 1.9
Production targets (3): :

Crude oil‘

Natural gas
1. Percentage growth rates.
2. Periods for population growth rates are 1985-2000, 2000~2020 and_2020-2650. Source:

° Bulatuo et al. (1990)

3. Index (1985 = 1.00 reference price acenario).
4. IEA production targets in 2005.
5. Secretariat estimates.
6. In the Energy-exporting LDCs a conversiocn rate of 0.1 was imposed in order to match a

reasonable production profile. Potential supply of gas is assumed to be infinite..

7. Calibrated on the production prqfilé of Edmunds and Reilly (1990).
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| FIGURE 6: Resource Depletion Models

* THE DEPLETION MECHANISMS :

Production

=~ ' : . K
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FIGURE 7: Price Sensitivity

a).Resource base ( YTFR) Price Sensitive :

ﬂl

YTF igh

b) Conversion Fa'_ctor‘(g) Pri‘;cg Sensitive :

»
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