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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 (CO;). The project is
called the GeneRal Equilibrium ENvironments 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 May 1991. Work is
continuing to extend GREEN in several different directions to make the model
more policy relevant. and a revised version of the technical manual will be
issued in due course.

Le Secrétariat de 1’OCDE 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 2
réduire les émissions de dioxide de carbone (CO,). Le nom du projet est GREEN,
par référence i "GeneRal Equilibruim 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
mai 1991. Le développement du modéle se poursuit actuellement dans plusieurs
directions différentes de maniére a en améliorer les aspects de politique
économique ; une version mise a jour de ce manuel technique sera publiée en
temps voulu.
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I. INTRODUCTION

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

This paper provides technical documentation on the version of the model that was
operational by May 1991. Work is continuing to extend the regional and temporal dimensions
of GREEN and to modify its specification in ways that will make it more policy relevant.
These revisions, once implemented, will be written up in a revised version of the technical
manual which will be issued in due course. A companion paper by Bumiaux, Martin,
Nicoletti and Oliveira Martins (1991) presents some initial simulation results from three
scenarios of alternative international agreements to curb CO, emissions.

Both in its regional and inter-sectoral structure, GREEN retains many of the features
of WALRAS, the AGE model developed by the OECD to evaluate the economy-wide effects
of agricultural subsidies'. But there are a number of significant differences between the two
models, due to the specific features of the CO, issue. Since the main man-made source of CO,
emissions arises from the burming of fossil fuels, GREEN pays particular attention to
modelling the energy sector and the supply of fossil fuels. CO, emissions are a worldwide
phenomenon, which is linked to global climate changes through the accumulation over time
of CO, and other greenhouse gases (CFCs, methane, nitrous oxide) in the atmosphere. It is
natural, therefore, that the main differences between WALRAS and GREEN are in regional
coverage and treatment of dynamics. In particular, GREEN embodies an explicit, albeit
simple, intertemporal structure. Other important differences concern sectoral coverage, the
specification of production and market rigidities. Finally, GREEN concentrates on government
excise taxes -- so-called "carbon taxes" -- aimed at reducing the level of CO, emissions over
time.

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 evaluating the costs
of policies to reduce CO, emissions. It currently includes six regional sub-models: three

See Bumiaux ef al. (1990) for a technical manual on WALRAS, as well as the papers contained in the Special
Issue of OECD Economic Studies on "Modelling the Effects of Agricultural Policies” (No. 13, Winter 1989-90).
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OECD regions -- North America, Europe and the Pacific -- and three non-OECD regions --
USSR, China and energy-exporting LDCs (mainly OPEC). In addition, there is a residual
aggregate for the Rest of the World (RoW). All regions are linked together by bilateral world
trade matrices.

The model highlights the relationships between depletion of fossil fuels, energy
production, energy use and CO, emissions. Therefore, the main focus is on the energy sector.
Three sources of fossil fuels -- oil, natural gas and coal -- and one source of non-fossil energy
-- which includes hydroelectric, nuclear and other carbon-free sources of energy -- are
distinguished. 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. At this stage, firm’s investment decisions are not modelled and investment is
computed residually. The model includes factor-market rigidities, which make capital
(partially) sector-specific and imply a distinction between "old" and "new" capital vintages.

GREEN is currently simulated over the 1985-2020 period, in seven steps of five-year
intervals. In each region, the base model is calibrated on exogenous growth rates of GDP and
on neutral technical progress in energy use.

Given the recursive structure of the model, the evolution over time of the economy
can be described as a sequence of single-period static temporary equilibria. The characteristics
of these equilibria are examined next.

A. Single-period equilibrium
(i) Production

The production block includes eight 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 energy. The remaining three -- agriculture, energy-intensive
industries and non-energy intensive industries and services -- relate to the production of goods
and services.

In each sector, gross output is produced using five energy inputs, a fixed factor (land,

’In GREEN, capital is a "produced” good. However, there is no explicit capital-producing sector since the capital
good is a bundle of intermediate goods and services only.
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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 energy and intermediate inputs can be
obtained either from domestic or foreign suppliers.

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 carbon-free resource,
natural gas and coal are all assumed to be sensitive to their contemporaneous prices.

The upward-sloping supply curve for land accounts for the possibility of bringing
marginal land into exploitation. Own-price sensitivity of the carbon-free resource serves two
purposes: it is a proxy for time-to-build adjustment costs in the nuclear sector and may also
be used to proxy the effects of so-called "backstop technologies”, i.e. new carbon-free energy
sources such as photovoltaic (solar) energy. Natural gas is assumed to become sensitive to
its price only when potential supply (whose determination is described below) exceeds
demand. In this latter case, the supply curve for gas accounts for pressures due to extraction
costs. Finally, the elasticity of coal to its price is assumed to be finite but large.

Over time, the 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 supply or, alternatively, of
ultirnate resources.

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 level 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 the five different energy sources distinguished in the model. Fifth, the mix
between capital and the fixed factor is determined. Finally, demand for intermediate and
energy inputs is allocated among domestic supply and imports.

>Fossil and non-fossil fixed factors correspond to available resources of coal, natural gas, crude oil and the
carbon-free energy source. 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 corresponding sectors.

*Production technology has a nested CES structure, which implies separability among subsets of different input
bundles.



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 fossil fuels (coal, crude oil, natural gas) and
petroleum products.

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 the
assumption that the beginning-of-period capital stock is partially mobile across sectors’.

Partial mobility of old capital reflects differences in the marketability 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 sectors. 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
possible 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 electricity
sector).

The final element in the production sub-model concerns 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 except crude

>These costs can also be proxied by a putty-clay production technology. The putty-clay technology implies that,
in all sectors where substitution among primary inputs is allowed, it concerns only capital that is installed in the
current period i.e. the new vintage of capital. Capital inherited from the past, and which is not supplied in second-
hand capital markets, can only be used in predetermined proportions with other inputs. In this case, the production
structure depicted in Figure 1 would apply only to the fraction of gross output produced using the new capital vintage.
Under this assumption, the way sectors adjust to relative price changes depends crucially on the relative proportions
of new and old vintages in the capital stock. The current version of GREEN is based on a putty-putty techology, but
it is planned to incorporate putty-clay technology in the future.

A similar approach to the treatment of adjustment costs in an AGE model was used by Fullerton (1983). In
simulations, the solution algorithm searches in each region for six basic rental prices of primary factors plus an
additional rental price of old capital in each declining sector.

9



oil in the energy-exporting LDCs region. 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. In
the current version of GREEN, this price is exogenous’. 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 oil price.

(i) 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 communication, 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 directed either at domestic or at foreign
markets.

The structure of household 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 price 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 optimally to domestic and foreign markets, as
a function of domestic and import prices.

All income generated by economic activity is assumed to be distributed to consumers.

7Modelling this price in the context of imperfectly competitive oil markets will be the subject of future research.

*This atemporal specification of consumer behaviour makes it impossible in the cutrent 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".

The demand model derives from the Extended Linear Expenditure System (ELES), first proposed by Lluch
{1973). The version of the ELES embodied in GREEN is 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.
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Therefore, consumers make their choices based on (i) income from labour and capital (old
and new); (ii) rents from fixed factors; and (iii) govemment 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) Carbon 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 and natural gas. It is applied at the
level of consumers of primary fuels only. In this way, distortions between domestic and
imported fuels are avoided and the tax is applied prior to any indirect taxation included in the
model. The distinction between a production- and a consumption-based carbon tax would
affect assessments of international incidence'.

Technically, in each region, the tax is 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 into fuel-specific taxes, based
on the emission rate of each type of fossil fuel. '

(iv) 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. Tax revenues are endogenous
in the model, since they depend 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 budget 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 government costs.

(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 arise 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

lO'I'hese issues are discussed in Whalley and Wigle (1990).
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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 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 given sector. In this way, the model captures the
phenomenon of intra-industry trade.

The Armington specification is implemented for all goods except crude oil, which is
assumed to be a homogeneous commodity'>. The energy-exporting LDCs region is assumed
to act as a price leader in the world oil market and the other countries are assumed to behave
as price-takers. 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, with the energy-exporting LDCs acting
as a residual supplier.

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. To satisfy the world current-account
constraint, the counterpart of this net flow is reallocated exogenously among the other
countries. No account is taken of international income flows associated with changes in stocks
of net foreign assets.

(vi) Trade in emission rights

GREEN allows for the possibility that any global agreement to curb CO, emissions
could include a provision 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 allowed
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

“Altematively, a symmetric assumption of product differentiation for imports and for exports can be adopted.
Such a specification was included in WALRAS.

Natural gas and coal are assumed to be heterogeneous goods due to transportation costs. These costs are
typically much higher for natural gas and coal than for crude oil.

BThe real world price of oil is computed with respect to a weighted average of primary factor prices in the three
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 export price of other goods
and services in ROW,
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freely in world markets at this price’*. 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
commodity across countries. It generates a monetary counterpart, which is reflected in a net
inflow or outflow of income in countries that sell or buy emission rights. It is assumed that
these income flows affect government revenues.

(vii) Closure

In each period, the model equates gross investment to net saving. Net saving is the
sum of saving by households, 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 government budget and the current account are fixed in real terms at their benchmark-year
values®.

As mentioned above, changes in the government 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

The time dimension of GREEN is recursive. 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 intertemporally
uncoordinated, flow equilibria'’. The dynamics in GREEN originate from two sources,
depletion of exhaustible resources and capital accumulation.

“Itis also possible in principle to implement inter-regional 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.

"These assumptions imply that imbalances in the government budget and in international trade as ratios to
national 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 technical issue is
discussed in Shoven and Pereira (1988).

7 As in most other dynamic 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 convergent path is not necessarily
unique, since there may be several ways to calibrate the model in order to ensure convergence.
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A resource depletion submodel is specified for oil and natural gas. The submodel
makes potential supply dependent 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 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 larger are the rates of discovery and the
ratio of proven to unproven reserves.

An important feature of the resource base sub-model is that the rate of reserve
discovery or, altematively, 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) depreciation 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 old 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. In counterfactual simulations, the
solution algorithm computes, in addition, the carbon 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

18Th/e number of rental values for old capital goods is equal to the number of contracting sectors.

14



is emission rights.

In simulations, model dynamics are calibrated in each region on exogenous GDP
growth rates and on given Autonomous Energy Efficiency Improvements (AEEI), 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, AEEI, and technical
progress associated with the capital/labour/fixed factor bundle are exogenous and GDP growth
rates become endogenous.

III. 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 numeéraire,
which is the export price of other goods and services in RoW. 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 units that differ from observed
physical ones. Given this assumption, any difference in factor quantities across sectors
corresponds to differences in adjusted magnitudes, which are measured in efficiency units.
In making this adjustment, the implicit assumption is that observed differences in relative
factor prices reflect differences in efficiencies®’.

'®The model assumes a constant capital/labour ratio (in efficiency units) over the simulation period.

2The following notational conventions are adopted in this section. Production sectors are indexed i = 1,...,8, in
the same order as in Table 1. Consumer goods are indexed i = 1,...,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 a (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 and/or exogenous
variables z,....,z,, the corresponding function is denoted y = f(x;,....X;; 25..-2,).

2In practice, given capital inputs K;, K| and their rental rates 1, 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 following relationship between factor

efficiencies and observed factor prices:
K:IK) 1,
(K;IK) i
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In each region, the basic prices to be determined in equilibrium are the following:

0 . -
r*% and riK : rental rate of new capital and sector-specific rental rates of old
capital in declining sectors;
w : wage rate;
r : rental rates of fixed factors (f = land, coal, natural gas, carbon-
free resource);
T : carbon tax in US$/ton of CO, emissions®.

In addition, world trade equilibrium determines the world import price of each commodity
except the price of crude oil, which is a crucial exogenous variable in the model. In each

region, the world import price of commodity i (i =1, 2,4, 5, 6, 7, 8) is denoted Pl.WT and is
calculated as a weighted average of the export prices of trading partners [see sub-section

IIL.C.(iv)]. The exogenous real world price of oil is denoted PC 2.

Defining P = (r<", riKo, w, ) and PVT = [ij] (j # 3), equilibrium producer prices

in each sector (P,) ultimately depend on prices of primary factors and imports, the carbon tax
and the exogenous world price of crude oil:

P, = f(P, P*T, TS, P9)

GREEN includes distortionary factors 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 does not include import tariffs. However, it does incorporate
ad valorem taxes or subsidies on non-energy intermediate inputs. In addition, as will be
explained below, the excise carbon tax TC translates into fuel-specific ad valorem taxes.
Denoting by t° and 7' tax rates on domestic and imported intermediate goods, after-tax prices
for these goods (i = 1, 7, 8) can be defined as follows:

ZAs will be explained below, the carbon tax can be interpreted as the "shadow price” of CO, emissions.

“The real world price of crude oil is defined as the price of oil, P, deflated by a weighted average of primary
factor prices in the OECD area, NUM®®®, which is a more representative price index of world trade than the
numéraire of the model:

"P‘C0: PCO
NUMOECD
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PT? =P, (1 + )
PT,-I = P‘.WT (1+ 1:;)

Denoting by 1: Y fuel-specific tax rates (i = 2, 3, 4, 5, 6) and by RE the (region-specific) real
exchange rate, after-tax prices for fuels can be defined in a similar way*,

PF,. —P(l+1: )(1+t )
PF/ =PY 1+ )+ <)

with P, = P,m = PC- RE for i = 3, reflecting the assumption that crude oil is a
homogeneous good across countries®.

Producer prices are converted into consumer prices (PC)) using transition matrices for
domestic and imported goods -- denoted TRP and TR}, respectively [see sub-section IIL.C.(1)
and Figure 4]. The columns of these matrices describe, for each consumer good, their per-unit
content in terms of producer goods. Therefore, the after-tax price of each domestic or

imported consumer good (PCjD and PC/, respectively) is an average of the prices of domestic
or imported producer goods, weighted by the column shares from the transition matrices (tr,-jD

and trv'., respectively):

D D D D D
PC; =Y, gty PT-+ Y0 try PF )

1 1 1 1 1
- Zi=l.7.8 try PT; + Z:=2 try PF, (2)
with TRO={try], TR'=[rg), Y, er = ¥, ery = 1

B. Production: demand for primary factors and intermediate goods

The production structure varies across the eight sectors distinguished in the model (see
Table 1). In the production of fossil fuels, technology is characterised by a Leontief (fixed-
coefficients) specification. In agricultural, industrial and electricity sectors, it combines

2In practice, there is no tax on the carbon-free source of energy in the model ( tFU = 0). In addition, 7" on
p gy 6

imported and domestic fuels is not identical. The tax rate on domestic fuels is adjusted to neutralise the effect of own
consumption of fossil fuel i in fossil-fuel sector i.

>The real exchange rate, RE, is defined in any region as the ratio of a weighted average of primary factor prices
to the numéraire of the model.
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Leontief specifications for intermediate goods and capital/fixed factor bundles with a nested-
CES specification for the other levels of production.

In fossil-fuel sector i (i = 2, 3, 4, 5), gross output Q, is produced using labour L,,
capital K,, a fixed factor F,, non-energy intermediate inputs X, (j = 1, 7, 8) and fuels FU, (s
=2, 3,4, 5), where X, and FU represent quantities sold by sectors j or s and purchased by
sector i according to the transaction matrix of the input-output table. 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.

Indicating by lower-case letters the ratios of inputs to sectoral gross output, the
production function for fossil-fuel sector i can be expressed as follows,

0 - min % X Koy FUy FUqy L K F,
i H b4 ?

ey —— 3
Xy Xy Xy fuy fug;

b y

ll ki, f;
with F, = 0 for i = 5.

In agriculture, energy-intensive industries, other industries and services as well as in the
electricity sector, 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. In this case, the fixed factors are land for agriculture (F,) and the carbon-free
resource for the electric sector (F,), while no fixed factors are assumed to be used in the
industrial sectors (i = 7, 8).

In these sectors, the production technology allows for substitution across .labour,
capital and fuels through a nested-CES specification. Nesting is obtained by assuming weak
separability between subsets of primary inputs. The nesting hierarchy bundles in the innermost
nest the various kinds of fuels -- FU; (s = 2,..., 6) -- into an energy aggregate denoted E,. In
the intermediate nest, the capital/fixed factor composite good -- 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 KLEF,, which is combined with
non-energy intermediate inputs to produce gross output.

Description of this nested-CES technology will be simplified by the following short-
hand notation, which will be maintained throughout the text. At any stage s of the production
process in sector i and for any set of inputs Z,;,...,Z, and output Y,, the CES aggregator is
defined as

I+py 0y

1 n n 1+
Yi = CES{ZW"-;‘ an l{’ psp asi""’ an'} = {EI aj“ (A{ Zl") ™ } ™

where,

A{ = technical progress affecting input j in sector i;

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

¢r'n. = CES distribution parameter associated with input j at stage s of the production process
in sector i.

Similarly, given input prices p;,...,p,, the associated dual unit cost of producing Y, is defined
as™:

1
= UCIP,ys Py My 0y s @5t = (30 (@)™ (4] p)'7*4 70

Using this notation, the mixed CES-Leontief production function for Q; can be written as
follows,

X,, X, X, KLEF
Q, = mini("Y, =%, T8y fy @
Xy xy Xy Klef,
KLEF, = CESIL, KEF, A{; p,» @15 01 O
KEF, = CES(E, KF, A{; pyp Gy G (6)
E, = CESIFU,,..., FUg Py Ggpnery Gy o)
rK, AF,
KF, = min{—-* = } (8)
aq; ai
AK AF
where the parameters klef, = k, + [, + f; + 2:6_2 SJuy, a; = —'ir—‘ and aiF = ‘Eibfi are fixed
i i

28For the expression of the dual-cost function of a CES production function, see Varian (1978).
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at their benchmark-year values®’.

Producers are assumed to minimise their after-tax costs of production, given the
technology described by equations (4)-(8). 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 fuel s by PF, and the
unit costs of the bundles KEF, E and KF by ¢**F, c® and c*¥, respectively, the following first-
order conditions characterise the optimum for sector i:

[» 2P o
ok g
c o, KEF,

KF 1 1
a_ _ % KRG, (10)
Cf agi Ei
PF S FU, —

s . % (—2) P (11)
PF, o FU,

withrs=2,3,4,5,6and r #s.

The unit costs c*FF, ¢, ¢XF - as well as the unit cost of the composite input KLEF --
are the duals of production functions (5)-(8) above:

KUEE L UCh, ¢, AL b, ol a?) (12)
KEF = UClef, o, AL pop g a3 13)
cf = UC{PF,,..., PFg Py ag,-,..., ag,.} (14)

?"Note that technical progress is associated with at most 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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¢ = aiKNrK~+ a/ P! (15)
Substituting the first-order conditions (9)-(11) into equations (5)-(7) and using the unit costs
definitions (12)-(15), it is possible to derive the producer’s optimal demands for the composite
inputs at each stage of the production process:

I, = klef, (") 1 (2P (16)
&y
CKEF
kef, = klef, (cX"FH) " (——)Pu (17)
“ix’
&
Kf, = kef, (¢ P (=)= (18)
“gi
CE
e, = kef, (c/*H) P4 (—)" (19)
a;i
PF
ay = e €)™ (—™ (20)
@y
KEF, KF E FU

si

L e-—2' and a!-

L
where I,=—, kef=——, kf;=
o) 4 Q, Y KEF,” ' KEF,

i i

Equations (17)-(20) make it possible to compute the optimal capital/output (k;) and
fixed factor/output (f) ratios as well as the optimal technical coefficients for the intermediate
demand for fuels (fu):

k, = kef, - K, - a;'
f¢=kef.'"¢i'aiF (21)
fuy = kef, - € - df

fors =2,3,4,5,6.
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Given the technical coefficients (21) 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
fixed factors and each of the intermediate goods. Sectoral demand for capital (K,) is the sum

of sectoral demands for old and new capital goods -- K‘o and K,N, respectively -- given the
assumption of homogeneity in demand of these types of capital goods:

K, = Kio * KiN

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 inputs x;, fu, (j=1,7, 8; s = 2, 4, 5, 6), they are

assumed to choose the optimal mix between domestic (xj?, ﬁt: ) and imported (x], ﬁtsl,-)
components, according to the following CES aggregation functions:

= CESUy, x5 pap Cgp i) (22)

Jug = CES{fus? ’ f“:li; Psi aSDsi’ “.lssi} (23)

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

. p_p 1 _1 D_D I __I . . .
aCTOSS SECtOrs, 1.€. ®y;=0yp, Cgy=0yi, Qsg=Csg, Cs;=0sy for i # k. Therefore, given prices

for after-tax domestic and imported intermediate goods and fuels, cost-minimisation by
producers, subject to equations (22)-(23), yields the following optimal input-output
coefficients:

D

X - x, (PTY™ (SL LyPu 29
a4j
TI

Xy = %, (PTY™™ (=)™ (25)
a4,-

forj=1,7,8; and,
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D

_ PF
fug = fuy (PF)** (—2) (26)
a5,
PF!
fug = fug (PF) P (—2) 27
aSs

fors=2,4,5,6.

In equations (24)-(27), the composite prices of intermediate goods and fuels, P’I‘j and
PF,, are defined as CES aggregates of the prices of domestic and imported goods and fuels,
according to the CES dual-cost aggregator defined above:

1]

PT, = UCIPT], PT}; p,, ay, ay)

PF, = UCPF], PF}; p,, al, ar)

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

The entries of AP are the domestic input-output coefficients,
D D D . . .
A = [xﬁ, fugl with j=1,7,8,5s=2,.,6;i=1,.8;
the entries of A' are the unit import requirements of intermediate goods,
1,1 o )
Al =[x, fug]l with j=1,7,85=2,,6/i=1,.8;
and the entries of A" are the ratios of primary factors to gross sectoral outputs,
A=k, 1, f,] with f, = diaglf,],i=1,..8,

yielding a (10 x 8) matrix with f, =0 fori=5, 7, 8.

Given the (8 x 1) vector of sectoral gross output requirements, Q = [Q,], total 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 A" and A":
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= AF - Q , X' =Al-Q (28)

!

On the other hand, given the assumption of constant returns to scale in all sectors, the vector
of gross outputs is determined by the (8 x 1) vector of final demands Y = [Y|], using the
inverse of the domestic input-output matrix:

Q - [I _ AD]—) Y (29)
C. Final demand

(1) Household 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):

Y?=(1-<)Y-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 --
less depreciation of the existing capital stock. Indexing by j expanding sectors and by n
declining sectors, and denoting by (1 - 8,) depreciation rates by sector, personal income can
be defined as follows:

24



Y=wL+ XY KoY K+ Y., rE,

SARDMUEEIE D WU SRy ¢

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 three-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 fuel and power and transport and communication, they
choose an optimal consumption-mix of fuels. Third, they allocate their consumption among
imported and domestic goods. 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 optimally across the four goods.

A useful analytical characterisation 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 intertemporal utility function, which is additively
separable over time (with a constant rate of time preference). 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 elasticities 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 formulates 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 expenditures on individual
categories of goods allocated according to the LES specification. '

The ELES was first proposed by Lluch (1973). Both Cobb-Douglas and CES demand systems impose unit
income elasticities across goods, a property that finds little empirical support. Other demand models, such as the
translog or AIDS, are more flexible than the ELES but are difficult to implement in AGE models, given their lack
of global well-behaved properties.

point expectations are expectations held with certainty. A single rate of return on real and financial assets can
be defined only subject to the assumption of perfect capital markets.
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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 G, the
subsistence quantity of the i-th consumer good by ¥, and defining C* = [C,,..., C,, 6], the
utility function is defined as,

ucn = Y, B, In(C, - y) + By In(o) (30)

where ﬁ‘ >0 (l = 1,---, 5): C,' 2 Y; (‘ = 1"": 4)’ E‘ ﬁl =1

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

=Y! PC/C +S (31)

Maximisation of (30) subject to (31) and the given price system yields the following
demand system in expenditure form™,

PC; C, = PCyy, + B(Y? - 3 PC; ) i=1,.4 (32)
i i i i i J
= B (Y2 - Ej] PC; v)

In equation (32), the parameter B, 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 "supemumerary” income, i.e. the income available to the consumer once subsistence
quantities of all goods have been purchased.

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

Y PCCo=pY? (1 - ) Y PCy,

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 return 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

39See Howe (1975).
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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 (8 x 1) vector of consumer demands for intermediate goods,
Xc = [Xie» FUyc,..., FUge, Xy, Xgcl, through a (8 x 4) transition matrix, TR = [tr]:

X, =TR-C

In each column of the transition matrix, the entries tr,, indicate the quantities of (non-energy)
intermediate goods and fuels i composing a unit of consumer good j:

X,
trv=—"£, i=1,178
C.
J
FU
tr~———'1£, i=2,.,6
v C

with Y or; = 1 forj=1..,4 3 tr; C; = X fori=1,7,8 and } tr- C; = FU,
fori=2,..6.

It is assumed that consumers take the transition matrix as a technical datum for all
consumer goods except fuel and power and transport and communication (j = 2, 3)*. In the
case of these latter goods, consumers are allowed to choose an optimal mix of fuels within
the given unit energy requirements (e;c), defined as the ratio of total energy used in
consumption of good j (Ec) to the consumption of this good:

JjC '
CI

Consumers are assumed to minimize the cost of total energy expenditure in consuming each
good j (j = 2, 3), given a CES transformation function defined over the different kinds of
fuels:

6
E. = CESIFU,,.., FUy; py, G g) (33)

3'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 intert¢emporal, with the model being calibrated on a constant rate of time preference and
the marginal propensity to consume depending on the rate of return on assets:

2 practice, in the base-year, household demand for transport and communication included only petroleum
products as a source of energy.
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Given the (composite) fuel prices, PF,, and defining the unit cost of energy in consumption

of good j, ¢;c., as the dual of equation (33),
cjﬁ = UC(PF,,..., PFy; pfj, aéj,..., agj}

the optimal unit requirement of fuel s for each unit of energy used in the consumption of

good j, denoted ag‘ C, can be derived following the same steps as in sub-section III.B.:

c £y-p PFy ¢
@ = ec ()Y ()

g f

Finally, the corresponding optimal entry in the transition matrix (i.e. the unit requirement of
fuel s for consumer good j) can be obtained as

C
try = e - a"

jc %y

The final stage of consumer optimisation concerns the choice between domestic and
imported goods, given the assumption of imperfect substitutability among these goods. This
further step consists in splitting the entries of the transition matrix into domestic and imported

components (tr,-;) and tr,;. 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. pg = pgk,
D /] I 1 . .

Qe = Gy Ry = oy forj#k

D 1 C D 1
tr, = CESltry, try; py, Gcp G

Denoting the composite consumption prices of intermediate goods and fuels by PT,-C and

]PF,.C, 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:
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C

e PT)
try = try BT (—)™ (34)

Qe
1 c oS P 1[
try = try (PT;) P2 (—7—)"z (35)
G
fori=1, 7, 8; and,
_.c PFD c
try = try (PF))™® (—)™ (36)
“gi
¢ PF, ¢
trg = try (PF)™ (—)™ (37
Qe

fori=2,4,5,6.

Note that no equations such as (34)-(37) exist for crude oil, given the assumption that this
commodity is perfectly homogeneous across countries.

In equations (34)-(37), PT,.C and PFiC are defined as CES aggregates of the prices of
domestic and imported goods and fuels, according to the CES dual cost aggregator:

PT{ = UCIPT), PT}; p5, ags g
PF{ = UCIPF}, PF}; p3, a3, ag

Using these definitions and the coefficients try, the composite price of consumption good i
(PC,) can be defined as in equations (1)-(2) of sub-section II.A.
Finally, the transition matrix TR can be partitioned into domestic and foreign sub-

matrices TR? = [tr‘-?], TR! = [tr,-;] and the (8 x 1) vectors of the domestic and foreign
components of household consumption demand for intermediate goods -- denoted

X2 = (P, X! = [X;], respectively -- can be derived as follows:
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X2 =TR? - C

i

X; =TR' - C

i

(ii) Investment and change in stocks

GREEN does not embody any explicit investment behaviour by firms, 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 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 (FU,). Denoting the technical coefficients for non-energy intermediate
goods and the energy bundle by t;, and e;, respectively, this technology can be described as
follows,

I I 1 E
INV = min{(—, 2, -3), -}
LYol g ¢

E, = CESWFU,p..., FUg; pp Opyerey )

E,

I
where 1, = _I_I—VLI; (i=1,7,8)and e, = —H—V—l;

While t, and e, are parameters that reflect the base-year composition of investment, the
technical coefficients associated with the various fuels -- denoted fu, (s = 2,..., 6) -- are
determined through a cost minimisation procedure subject to the CES specification of the

energy bundle E;. Denoting the unit cost of the energy bundle by ¢, the expression for the
optimal technical coefficients for fuels is:

.. PF
fu, = e, (P (—=
a;

where,

c¥ = UCIPF

2
s PFg pp @pseess a?}

Finally, it is assumed that the demands for intermediate goods used in the production
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of the investment good are allocated across domestic supplies and imports according to a CES

transformation function, as in equations (22)-(23) above, with elasticity of substitution p; and
CES distribution parameters a?, a;. Using the resulting optimal technical coefficients for
domestic and imported intermediate goods (denoted 1?, ﬁt:,’ and 1, ﬁ4,’,, respectively), it is

possible to derive investment demands for domestic (I,.D) and imported goods (Il.'):

12 = P v, I =\ INV i=1,7,8
IsD "—‘ﬁﬂ?' INV, [s’ = f“sll INV i=2,..,6

, D
with . ¢ a2+ )+ Zf:z (Feg + fug) = 1.

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, a fixed-coefficients specification applies to both non-energy intermediate goods and

fuels. Denoting fixed coefficients in stockbuilding by §; and stockbuilding of good i by ST,,

the aggregate change in inventories is expressed as
ST, ST,
STB = minl—,..., —2}
L &
ST,
where §, = —.
STB

On the other hand, the allocation of stockbuilding demand across domestic and
imported components -- denoted ST,D and S’I}', respectively -- is determined as in equations
(22)-(23), with elasticity of substitution pir and CES distribution parameters a?,, agr. Given

the resulting optimal technical coefficients &?, E:, the following stockbuilding demands are
obtained:

ST/ = €)- STB, ST/ = & STB i=1.,8
with 38 (&7 + ) = 1.

These assumptions make it possible to derive the vectors of sectoral demands for imported

investment and stock-building goods, which are denoted I' = [I,-'], ST = [ST,.'].

(iii) Government
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The government is assumed to levy an excise tax on carbon emissions, 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 of sales
of emission rights. Therefore, denoting carbon-tax revenues by R and revenues from the sale
of emission rights by RE, total government revenues can be expressed as:

REV = R + E?q (r?' P Q + T:' PiWT° th) +(v+1"-0 +RE

A crucial component of government revenues is the carbon tax TC, which is expressed as a
fixed amount of US$ per ton of CO, emissions. While its determination will be discussed
below, it is useful at this stage to determine how this revenue is generated and how the tax
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,..., §), into
a corresponding amount of CO, emissions. This involves translating real fuel consumption
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 T, it is then possible to derive government revenues from this tax by
summing over the demands for the different fossil fuels:

RC = T¢ Ziz e &, ), FU, = e Ziz e &, FU, = 7€ Y3 e, FU

5=2 3 s
where F Us” is total demand for fuel s expressed in Terajoules.

In order to compute the fuel-specific ad valorem tax rates implied by the carbon tax,
TC is first converted into fuel-specific excise taxes per Terajoule of each kind of fossil-fuel

s (T,

TH = 7€ ¢

5 5

This makes it possible to derive government revenues by kind of fuel '(R,C):
Rsc _ Tsn’ FUJTJ

Finally, denoting total exports of fuel s by EX,, its ad valorem tax rate is computed as the

*0One Terajoule (TJ) is equal to 10'* Joules (7). The Joule is a unit of measurement of energy, approximately
equivalent to a quarter of a Calory.

32



ratio of government fuel-specific revenues to the total value of domestic absorption of the
fuel’*:

C
FU - Rs

PFP- FUP? + PF!- FU] - PF]- EX,

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 intermediate goods (XG) and demands for old and

new capital (KGO , Kg ) and labour (L) is determined by utility maximisation subject to a
budget constraint for non-transfer expenditures, under the assumption that the government
behaves as an aggregate consumer of goods and primary factors®.

Denoting the unit cost of government non-transfer expenditures by ¢® and the
composite price of government purchases of XG by PG, the allocation of non-transfer
expenditures results from the maximisation of the following CES utility function:

UXG, K, L;) = CESXG, K¢, Lg; pgr Qg g
subject to:
. o
REV-TRG = PGXG + r¥"KY + r&KC + wly + (1 - 85 (rg kS +r¥"K2)
where (1 - §;) is the depreciation rate associated with government capital and rg ’ . r&"if
and only if the government sector is declining over time.

The implied optimal government expenditures are
PG .o,
_1_)

g

XG = G- (9" (

3*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 ILA. 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
introduction of the carbon fax.

351t is assumed that the government does not "consume” any fixed factor.
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KN
Ky = G (9" (- = kg + Kg
ol

Lg = G (%7 ()
%G

where ¢ is the dual of the CES aggregator:

N [+ i 3
c® = UCIPG, r™", r®", w; pg, ag,..., &g

and P° is a weighted average of the after-tax prices of intermediate goods:

PG = Ei=l.7,8 (‘U?' PTiD + ‘l’:' PTiI) + Ziz (‘l’?' PFiD + 4’:‘ PF.-I)

Finally, government purchases of intermediate goods XG are allocated across sectors and
among domestic and imported commodities in proportions w? and \p:, such that for i =
1,...,8,

Xi?; = ‘Vzp' XG

XiIG = ‘Ir':' XG

with Y () + ) = 1.

Coefficients w? and q:f are determined in the same way as the technical coefficients

1?, 1: and ﬁtsl,), fus', 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, according to a CES specification, with elasticity of substitution pZG and

CES distribution parameters a;G (s = 2,..., 6). Finally, the choice between domestic and
imported goods is determined by means of a CES transformation function, with elasticity of

substitution pg; and CES distribution parameters ag, ala.

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

Each region has import demands for all traded goods. For each producer good i, total
imports by region r (r = 1,..., 7) -- denoted M, -- are the sum of imports of good i for use in
production (X,.'), household and government consumption (X,.'C and Xilc, respectively) or for

investment (I,') and stockbuilding (ST,-') purposes:
M, = Xx'l + X:‘,c * iIG * Ii’ + ST:'I

Except for crude oil, which is assumed to be a homogeneous commodity, 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 expenditure on total imports M, subject to a CES
transformation function defined over imports M, of region r from all other regions s (s # r):

mlan qu Pl's. Mirs

subject to M, = CESM,, s # r;p::’r ,al’T afrw}

ir e

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

s (P,) to the world import price of the same commodity (PiWT), according to the region-
specific trade elasticities p,.‘:’r :
wr P WT
Mirs = Mir. (P‘_WT)_plr ( is )plr

SWT

al‘r

where the world import price of commodity i (P,-w) is defined as a CES aggregate of the
export prices of trading partners:

wT wT 1WT 6WT
P' - UC{P‘J’ S # l',pir » d'r yeeey (1". }

Net imports of crude oil (s = 3) by region r are determined as the difference between total

production and total demand by the region, given the exogenous real world price of oil P.

M =Q:r—FUsr

r

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 all other regions s (s # r):
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EX, = Zs..r M,

Finally, the current account of any region r can be determined as follows:

=y P M,)

The specification of the RoW region is restricted to a set of simple import demand functions,
which express imports as a function of the ratio between world import prices and the export
price of other goods and services in RoW (i.e. the numéraire of the model). Imports from
RoW are derived as a residual from the world trade block.

(v) Trade in emission rights

The model can be solved under three regimes concemning 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, a
single emission constraint is imposed at the world level and 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, it is immediately obvious that, 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 II.C.(iii), it is assumed that,
in each region, the proceeds from the sale of emission rights accrue to the government.
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
alternative case, government revenues (expenditures) from the sale (purchase) of emission

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

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

3., T¢ (CE, - CE) =

D. Supply of primary factors and mobility of capital

In GREEN, primary factors include labour, old and new capital and fixed factors.
While labour, new capital and crude oil are predetermined at the beginning of each period,
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the supply of the other primary factors is assumed to be sensitive to own contemporaneous
price movements. Therefore, the determination of these supplies is an integral part of the
static equilibrium 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, supply of natural gas is assumed to
depend on its price only when its production is below potential. Own-price sensitivity of

factor supplies (Ffs ) is modelled according to the following simple constant-elasticity
specification:

f
F} = @ (" f=1,2,4,6

where ®, and 1), are factor-specific constants and elasticities, respectively.

(ii) Mobility of old capital across sectors

Given the dynamic nature of GREEN, the aggregate supply of old capital is
predetermined, 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-specific dépreciation rates and disinvestment elasticities by (1 -
3 and «,, respectively, and the relative rental of old to new capital by RR,;, the supply of old
capital goods by sector i is determined according to the following disinvestment function (A)):

0 if RR =1
A; = ARR; 8, x) =
5 K° (1 -RRY if RR <1

where,
1 if K =8 K’
RR, = X0
r . o
— <1 if K <38/K
ret

Consequently, the total of old capital goods supplied on second-hand markets (A) is the sum
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of disinvestments originating from all sectors:
A = Za A,
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, depreciation, the government surplus, stockbuilding and net foreign capital inflows in
each region r':

L=5,+ Y0 -8)K + ¥ 0 -8)rmh 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 price

of crude oil. In each region, equilibrium is defined as a price vector P = (rKN, r,.Ko, w, '’ f
= 1, 2, 4, 6) such that the following market clearing conditions are satisfied:

-- in each declining sector, demand for old capital goods (K,-o) equals the

depreciated capital stock inherited from the previous period minus
disinvestment:

K’ =8, K, - A, (38)

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

YK+ KE=T1+A (39
(]
-- aggregate demand for fixed factor f (f = 1, 2, 4, 6) equals aggregate supply:

F, = F (40)

-- aggregate demand for labour by private and government sectors equals
aggregate supply (L°):

36Depreciation must be added since personal saving is computed from disposable income as defined in sub-
section ITI.C.(i), which is net of depreciation of capital.
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L+L, =L (1)

-- in each sector i (i = 1,..., 8), the following zero-profit condition holds:

PrQ =Y, ., PT/a] + PTap + 375 (PF)fuy + PFfu)-Q, @

N N k° 0 ~
+ XK + ) K{ + wL +r"F,

]

where K,.N = (0 in declining sectors, rK" = pX in expanding sectors and F, = 0 for

i
i=5,7,8.

Equation (38) determines the rental rates of old capital in declining sectors,
" equation (39) determines the rental rate of new (and old) capital in expanding sectors,
equation (40) determines the rental rates of fixed factors, equation (41) determines the real
wage rate and equation (42) determines producer prices. A world temporary equilibrium 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 ), which can be interpreted as the shadow price associated with the emission

constraint. Denoting the upper bound on emissions (expressed in tons of CO,) in region r byC_Er
and recalling that the tax applies to the consumption of each fossil fuel s expressed in

Terajoules (F U:,'J), the carbon tax is determined in each region by the following material
balance constraint:

Y, e FU; < CE, (43)

r

When emissions are constrained at the world level and trade in emission rights is allowed,
a single constraint such as (43) determines the world carbon tax level as the shadow price of
world CO, emissions.

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

Qir = jxlir M Yir

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:
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Y, = X3 + X2 + I, + ST, + EX

ir

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

G. Dynamics

The dynamics of GREEN are defined by simple equations which describe how the
stocks of capital and fossil-fuel resources evolve over time. The sequence of static equilibria
described above is period-related through these equations, but the time path of the economy
is not intertemporally coordinated as it would be in a perfect foresight model. Current
decisions of agents affect future economic developments through the accumulation or
decumulation of stocks, but are not affected by expectations regarding future economic
outcomes.

(i) Capital accumulation

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 9,, this accumulation function can be
expressed as follows:

(44)

Sectoral capital stocks evolve in a similar way, but embody the additional assumption
that the depreciated capital stock could be scrapped at a rate which exceeds the (constant)
sector-specific depreciation rates §,. This second-hand capital is then supplied to other sectors
according to the disinvestment functions A, described in sub-section IIL.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. 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,_ +I_ -A, (45)

[

Sectoral and aggregate capital accumulation functions are reconciled by defining
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8, =Y & Ky and summing equation (45) over sectors:
- i i —K—— g q = g *

t
Z,- K, = E(bt' K, + tht—x - EAlt =

6:—1' K~l + It—l = K,

t t

(46)

Equation (46) 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:

ZiAir =1 - Ei L,

(i1) Resource depletion sub-model

The resource depletion sub-model is implemented only for crude oil and natural gas.
Coal is assumed to be in infinite supply. 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 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 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 expectation is that they will tend towards a stable level as geological uncertainty
is reduced. The extraction rate is assumed 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.

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

3"However, the economic meaning of a fired stock of a non-renewable resource may be questioned (see
Adelman, 1990).

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

41



Q. =1 RES, (47)

(48)

The equation of motion for the level of proven reserves at the beginning of any period t is:

RES,, = RES,, | + NRES,, | - Q,,, (49)

-1
Substituting equations (47)-(48) into (49), this equation can be rewritten as

RES, = (1 - r)- RES, , + d; YTFR,

Finally, given the initial conditions RES;, and YTFR,, and defining the parameter
RES

o, = L0 the equation can be iterated forward n periods to obtain:
1,0 q pe
YTFR,,
S, 1
2= (1 - 1) +d Ld, ry n) — (50)
RES, 0,

(1 n ri)n - (1 - di)n

where L(d, r; n) = Y (1 -r)y"* - (1 - d)y? =
ere L(d, rym) =Y 7 (1 -r)" ) @

Equation (50) is used in the calibration procedure for parameters d; as well as in the
determination of price elasticities. Since, by assumption, coefficients r, and d; are strictly
positive and smaller than one, equation (50) satisfies the long-run depletion property,

i.e. RES-0 as n-c. 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 (47) and the "conversion" equation
(48). 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
zero.

(b) Price sensitivity of resource supply

The assumption that the depletion parameters (r; and d;) and the resource 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, except for the production of crude oil in the energy-exporting
LDCs region, 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
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reserves for both crude oil and natural gas is sensitive to world oil prices.

Denoting the price elasticities of the conversion rate and of the yet-to-find reserves for
each fuel type by , and v,, respectively, and the associated constant terms by €, and Y, the
following specifications were assumed:

d(P™) = Q. (P™)™ ‘ (51)

YTFR(P®) = Y,-(P*)" (52)

Equations (51) and (52) are mutually exclusive since the calibration procedure for the
resource depletion sub-model only has one degree of freedom (see Sectién VI). Hence, price
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 specification. 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 yet-to-find reserves, inducing
an upward shift in the production path relative to the reference case.

H. Solution algorithm

Static equilibria of GREEN are obtained following an iterative solution procedure
similar to that used for WALRAS. The solution method is 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 described in the previous sub-section.

IV. DATA

A. General overview

The single-country data structure of GREEN is described in Figure 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 three 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).

3See Burniaux ef 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.
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-- Transition matrices convert the consumer-good classification of sectors into a
producer-good classification. These matrices are based on Eurostat National
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 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 I-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 USSR
and China were treated as separate regions in view of their potential importance as sources
of CO, emissions over the simulation period*'.

Sectoral disaggregation was dictated by the need to stress the relative importance 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, as well as the corresponding items in the I-O tables of the benchmark data set.
Consistency between sectoral outputs and I-O figures is ensured by an iterative bi-proportional
adjustment 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

““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, United Nations (Table 2, p. 30).

*11-0 tables for the USSR and China are based on domestic price structures that can be expected to involve large
distortions, especially in energy sectors. This appears to be particularly true in the Soviet Union.

“*This adjustment process is operated by a RAS subroutine.
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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 electricity. Where data are
unavailable -- this is 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 provided in Annex II for the case of
Nigeria.

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 concerns 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 crude oil and natural gas intermediate
demand 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 eamed 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 disaggregation 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*.

“*An additional problem was created by an apparent anomaly in the 1-O table for the USSR, 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 I-O table in order to reallocate this item to
other sectors.

“Asa 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.
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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 supporting these

choices.

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

(a)

(b)

(c)

(d)

(e)

(f)

€:9)
(h)

the elasticities of substitution among inputs at the various stages of the
production process, i.e. the elasticity of substitution between labour and the

capital/energy/fixed factor bundle in each sector (p,), the elasticity of
substitution between energy and the capital/fixed factor bundle in each sector
(p,;) and the inter-energy elasticity of substitution in each sector (p,;);

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

good (p,), in consumer demand for each good (pfj) and in government

demand for intermediate goods (p3);

the elasticities of substitution between domestic and imported intermediate
goods (p,) and fuels (p,,) in each production sector, in household

- consumption (pg)’ in the production of the investment good (pé), in the

demand for stockbuilding (pgr) and in government demand for intermediate

G
goods (p;);
the elasticities of substitution between government inputs (p);

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

respect to exports of good i by other countries (p:,w );

the income elasticities of household consumption demand for different goods

(B,);
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;
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(1) the disinvestment elasticities in each sector (x,);
g the depreciation rates in each sector (1 - 6‘.); and

(k) the 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 relied on Secretariat estimates 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. Third, 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.e. 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 input shares. In these cases Allen elasticities have been derived from the cross-
elasticity estimates*’.

“*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).

*Given the production technology Y = f(X,....X)), with factor prices W,,....W_ and factor shares S, = X W/Y,

(unweighted) cross elasticities are defined as:

=§,'0
alnW, 1

My = i

where o, 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 following relationship:

n; ..
oy = ny(1+) n—ﬂ) Vi#j
V

47



The current version of GREEN runs over a 35-year time horizon using time units of
5 years, which can be viewed as a sequence of medium-term temporary equilibria. It is
planned, however, to introduce a putty-clay production structure in the next version of
GREEN, in which only long-run elasticities are of interest. Therefore, the survey concentrated
on long-run elasticity estimates and generally downplayed complementarity results, unless
these had a firm empirical basis in a dynamic context.

(i) 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-
country (CC) studies. Countries are grouped according to the regions in GREEN.

The estimates reported in Table 7 indicate that capital (K) and labour (L) inputs are
generally found to be 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
would be required in GREEN. However, the estimates of labour-energy elasticities reported
in Table 8 indicate that these inputs are often found to be 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 (I) 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 technical change (e.g. neutral or
biased).

Table 9 [from Carrére & Devezeaux (1988)] nicely summarises the variety of results
stemming from the literature of the 1970s and early 1980s. A glance at the table suggests that
the most important influence on the sign of the estimated elasticities is the nature of the data.

“'In some cases. complementarity can result from the inclusion of non-production workers in the data [see
Turnovsky et al. (1982)]. The results of Hesse and Tarka (1986) suggest that substitutability may depend on the
definition of the energy aggregate and that it may have declined in more recent years.
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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 (1981)]. 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 capital-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), Berndt & Hesse (1986) and Hesse & Tarka (1986) disaggregate
into electric and non-electric (NEl) energy inputs; Carreére & Devezeaux (1988) compare
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 Berndt
& 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 regional 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, a value of 0.3 was assumed for the elasticity between
capital and energy in GREEN. On the other hand, this uncertainty strongly supports the
nesting hierarchy of the model. A different hierarchy, based on a capital-labour bundle, would
impose restrictions (i.e. a common substitution elasticity between energy and inputs 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

*8See, for instance, the discussion on energy prices and productivity growth by Berndt & Wood (1987).

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

A distinctive feature of this literature is that t-statistics associated with elasticities are seldom reported. When
they are. tack of significance seems pervasive. ’
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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 counterparts. In
addition, estimates of interfuel elasticities are highly sensitive to model specification and
choice of sample 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), lmakunnas & Torma (1989), Hall (1986)], so that only studies
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)]’'. 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
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 which most econometric studies are based, estimation 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 wupper-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 a plausible base-case

5‘Unfortunately, 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.
kl
2For instance. estimates of negative elasticities probably reflect the lack of dual- or multiple-fire capabilities,
rather than complementarity between energy inputs.
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elasticity for GREEN simulations would lie between 1 and 1 1/2, given that the simulation
horizon is the medium term®.

As with the other key parameters 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 vielded 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 (1990) and Edmonds et 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-energy substitution elasticities in final
demand. Table 12 provides a summary of the main features of the 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 argued 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, 1990). The review of the models also provided
very little information on the value of the inter-energy elasticity of substitution in production.
For instance, Whalley and Wigle (1990) arbitrarily set this elasticity to unity, citing the lack
of compelling econometric evidence on this topic. On the other hand, inter-fuel elasticities in
final demand are generally assumed to be larger than the corresponding production ¢lasticities,
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

5‘11"‘urtl"tetmore:, given the assumed CES technology, additional nesting levels in the production structure of
GREEN could be needed in future work, in order to account for the possible lower substitutability between subsets
of the energy inputs -- such as gas and coal.

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

55Whalle:y and Wigle (1990), Manne and Richels (1990) and Bergman (1988) are the only authors who report
the results of sensitivity analyses.
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elasticity to 3.

Very 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 Barns (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 key parameters (a)-(j) of GREEN.
CO,-emission coefficients (k) 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, intemnational trade and
in the government sector (Table 14). This is not very realistic, but the literature review
provided little guidance on country-specific values for these parameters. International 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, 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)".

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 porential supply of
these factors, assumed to be infinite for oil, almost infinite for coal and finite for natural gas
in each period. The low upward elasticity of the carbon-free resource reflects the important

*®Estimates of supply elasticities usually concem the OPEC countries and focus on the strategic supply response
over relatively short periods of time [Kouris (1981), Pindyck (1979)]. Therefore, they provide little guidance for
parameter values for use in long-run models.

57Depnaciati(m rates were kept constant at base-year levels computed from OECD National Accounts Statistics.
%0n the lack of empirical estimates of energy supply elasticities, see also Whalley and Wigle (1990).
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costs associated with the extension of existing non-fossil energy supply (e.g. nuclear power).
This parameter can also be interpreted as measuring the ease of introducing backstop
technologies. Finally, Table 17 reports the parameters of the resource-base sub-model, which
are assumed to be equal to their base-year observed values™.

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)-(k).
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 GREEN, the exogenous variables are: (i) the real world price of crude oil (I—’CO);
(ii) the production targets for crude oil and natural gas in each region and in specific periods;
(iii) real output growth in each region; and (iv) Harrod-neutral energy-augmenting technical

progress in each sector i and region r (Af;) -- the so-called "autonomous energy efficiency
improvement" (AEEI). Given these exogenous variables, a sequence of temporary equilibria
is computed from 1985 to 2020, under two crucial assumptions: (i) the econdmy was in
equilibrium in 1985; and (ii) the growth path from 1985 to 2020 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 concemn in each region (i) govermment 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 (iit) the current
account, which is assumed to be fixed at its benchmark-year value in terms of the numéraire
of the model.

5 . : ‘ ;
*Data for the computation of these parameters was drawn from Masters, Root and Attanasi (1990). The ratios
of proven to yet-to-find reserves correspond to the mean uncertainty percentiles.
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These assumptions make it possible to compute values for the following "static"
calibration parameters:

(a) the CES distribution parameters associated with the choices of firms (a"l,., ‘azr
< D i D 1 s D 1
3is Og» @g, ®s, @), consumers (ag, &g, &), government
D ! . . . e , . .
(czjg, a5c g, ) and with the Armington specification of international trade
(a{:w ), the production of the investment good (a;, a?, m;) and stockbuilding

D I .
(g agr);

(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 and the ad valorem tax rates

on domestic and imported non-energy intermediate goods (t,p, t:);

(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 (w;
and vy, respectively) for crude oil and natural gas and their associated constant
terms (€2, and Y, respectively) as well as the conversion rates themselves (d,).

® the rates of Harrod-neutral technical progress affecting labour and the

capital/fixed factor bundle in each sector (l,.L and A,, respectively).

The calibration of the resource depletion sub-model requires some discussion, since
the procedure involves several steps. The procedure is based on equation (50) of Section III.
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, 'pfe?_ This ensures that the

production paths for fossil fuels are consistent with medium-term 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
International 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{ff ), the level of reserves implied by this production target (RES[ff ) is given
by equation (47) of Section III. Therefore, in principle, it is possible to derive the reference

value of the conversion rate d{’f by solving this equation with respect to d; Denoting by

RES, , base-year reserves of fuel i, the equation can be rearranged to yield:
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_ (RES;7'IRES,y) - (-r)
‘ L(d;r,t) 0

(53

The conversion rate can be derived as the fixed point of equation (53) in the range [0,1].
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 equation yielded a unique real solution in the admissible range®.

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 -15,53, in which the real world
price of crude oil is fixed at its 1990 level ($19 per barrel) throughout the period; and (ii) a

high-price scenario ng , 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'.Ifw and Q,{’:gh, respectively) are provided. Using the same procedure
described above, equation (53) can be used to find values for the rate of conversion in the

low- and high-price scenarios (d,-low and dimgh, respectively). Downward price elasticities can
then be calculated numerically as follows:

; low _ ref
o? = Logii.- Log:i‘ )
LogP;o - LogP;]

Similarly, upward elasticities can be calculated using dimgh and f’fgh in the above
equation. Alternatively, the elasticities of YTFR, to oil prices can be derived by fixing
coefficients d, at their values in the reference price scenario and solving equation (53) with
respect to YTFR;. Assuming that the initial estimate YTFR,, corresponds to the reference
price scenario, the values of the yet-to-find reserves implied 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 the real world
price of oil and 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 uncertainty

%In a few cases, the equation 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 alternative solution would be to
modify the initial estimate of YTFR,



surrounding this key exogenous variable. 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 forecasting that the energy/output ratio is expected to decline
by one percent 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 CO, 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
growth rates, which affect the growth of energy demand.

'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 0 per cent per annum would double energy demand by the year 2050.
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TABLE 1

Sectors of production in GREEN :

1. AGRICULTURE

2. COAL MINING

3. CRUDE OIL

4. NATURAL GAS

5. REFINED OIL PRODUCTS

6. ELECTRICITY, GAS AND WATER DISTRIBUTION
7. ENERGY-INTENSIVE INDUSTRIES

8. OTHER INDUSTRIES AND SERVICES
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TABLE 2

Breakdown of household consumption in GREEN :

1. FOOD AND BEVERAGES

2. FUEL AND POWER

3. TRANSPORT AND COMMUNICATION

4. OTHER GOODS AND SERVICES
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Table 7

Survey of interfactor and interenergy elasticities of substitution
Econometric estimates: capital-labour substitutability (a)

North America
Author INTER GSD Carrere Chung Pindyck Berndt Delorme & Lester
LINK(®b) (1990) & Devezesux (1987) (1979) & Hesse (1986)
(1987) (1988) (1986Xc)
Country ) (e)
USA 0.74 135 1.55 04S 123 141 0.45
CAN 064 1.01 121 0.47 1.43 0.48 074 1.12
3.15 1.03
Model [KEJL KL KLE KLE KLEM KLPCGEI]M KLEINE) KsKeLEMI
CES CES Translog Translog Translog Translog Translog Translog
Data Agg TS Agg TS Agg TS Agg CC-TS Man TS Agg CC-TS Agg. TS Man.CS-TS
60-83 60-89 60-84 60-84 47-T1 59-73 60-82 61-80
Comment Provisional Man durables
Man.non-durables
Notes: (a) Allen elasticiues;
(b) Jarreu & Torres (1987).
(c) Allen elasticities computed from output elasticines;
(d) Elasucity between structures and labour,
(e) Elastucity between equipment and labour
Survey of interfactor and interenergy elasticities of substitution
Econometric estimates: capital-labour substitutability (a)
Padific
Author INTER GSD Macro Carrere Tumovsky Pindy ck
LINK(®,) (1990) models & Devezeaux et al (1979)
(1987) (c) (1988) (1982)
Country
JAP 0.32 0.5 .078 054 0.7
ASL 0.42 0s 2
NZD 044 065
Model {KEJL KL KL KLE KLE KL{PCGEI]M | KL[PCGEIM
CES CES CES Translog Translog Translog Translog
Data Age. TS Agg TS Ags. TS Agg TS Agg.CC-TS Man.TS Aﬁg CC-TS
60-83 60-89 (a) 60-84 60-84 46-75 59-73
Comment Provisional Biased
technical
progress
Notes: (a) Allen elasticities; ) . )
(d) Sources are Jarreu & Torres (1987) for Japan and Torres et al. (1989) for Australia and New Zealand;
(c) National macro-econometric model estimates {as reponted in Jamrett & Torres(1987)}.
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Table 8

Survey of interfactor and interenergy elasticities of substitution

Econometric estimates: labour-energy substitutability (a)

North America
Author Carrere Chung Pindyck Delorme & Lester
& Devezeaux (1987) (1979) (1986)
(1988)
Country
USA 0.24 0.99 19 0.05 0.66
CAN 0.92 099 0.42 0.62
Model KLE KLE KLEM KL[PCGEIM KsKeLEMI
Translog Translog Translog Translog Translog
Data Agg TS Agg CC-TS Man.TS Agg CC-TS Man CS-TS
60-84 60-84 47-1 59-73 61-80
Comment Manuf durables
Manuf non-
durables
Notes: (a) Allen elasticites
Survey of interfacior and interenergy elastioues of substitution
Econometric esiimates: labour-energy substitutability (a)
Pacific
Author Carrere Tumovsky Pindyck
& Devezeaux et al (1979)
(1988 (1982)
Country
JAP 054 098 115
ASL -2.7
Model KLE KLE KL[PCGEI]M | KL{PCGEIM
Translog Transiog Translog Translog
Data Agg TS Agg CC-TS Man TS Agg CC-TS
60-84 60-84 46-75 59-73
Comment Biased
technical
progress
Notes: (a) Allen elasticites.
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Table 8 (cont.)

Survey of interfactor and interenergy elasticities of substintion
Econometric estimates: labour-energy substmubility (a)

Europe
Author Carrere Ilrnakunnas Pindyck Hesse &
& Devezesux & Torma (1979) Tarka
(1988) (1989) (1986)
Elasticity Gz G Cum Gz Cun Cum
Country
GER 054 0.99 123 03 0.14
FRA 0.74 0.99 1.17 004 .} D12
UKM 0.79 0.99 1.1 026 036
ITA 1.15 0.98 1 026 0.14
BEL 05 023
FIN 055 0.0 026 0.02
NET 1.11 0.17 0.07
NOR 1.14 02 0.18
SWE 11 0.13 £0.05
Model KLE KLE KLBN'EIM KL{PCGEM KLEINEIM
Translog Translog GenLeont. Translog Translog
Daa Ags.TS Agg CC-TS Man.CS-TS Agg.CC-TS Agg.CC-TS
60-84 60-84 60-81 59-713 T73-80
Comment Pont-1974 estimates Biased tech.
change .

Notes : (3) Allen elasticities.
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Table 10 (cont )

Survey of interfactor and interenergy elastucdes of subsunion
Econametric estimates: capital-energy subsatutability (a)
Padfic
Oxg Oux Onex
Author INTER Tumovsky Pindyck (1979) Carrere & Hogan Hogan
LINK(b) etal Devezeaux (1989) (1989)
(1987) (1982) (1988)
Country (c) (eXd)
JAP 095 0.74 0.21 0.78 0.66 0.82
ASL 2.26
Model [KEIL KL[PCGEIM KL{PCGEI]M KLE [KLIEINEIT [KLJEINEIT
CES Transiog Transiog Translog Dynamic Dynamic
Translog Translog
Data Agg TS Man TS Agg CC-TS Agg.TS Agg.CC-TS Agg TS Agg TS
60-83 46-75 59-73 60-84 60-84 60-84 60-84
Comment Biased . Long-nmn Long-run
technical elastiaty elasucity
progress between KL between KL
bundie and El bundle and
NEI
Notes: (a) Allen elasticities;
(b) Sources are Jarreu & Torres (1987) for Japan and Torres et al (1989 for Australia;
(c) Allen elasticties estimated from cross-price elasticities;
(d) NE! does not include transpon oils (T).
Survey of interfactor and interenergy elasticities of substuittion
Econometric estimates: capital-energy substitutability (a)
" Europe
Elasucny Oxg Opx Onex
Author INTER Pindyck (1979, Camrere & Berndt & Hesse & Bemdt & Hesse &
LINK(b) Devezeaux H;ssc Tarka Hesse Tarka
(1987) (1988) (1986)c) (1986) (1986)(c) (1986)
Countny
GER 04 0.66 069 0.73 0.94 0.5 157 048
FRA 058 056 -1.66 057 0.14 0.48 0.88 1.61
UKM 067 036 658 056 081 0.35 017 064
ITA 077 067 -1.28 0.71 039 0.43 0.67 058
BEL 05 051
FIN -2.24 066 743 07
NET 059 0.69 0.74
N\OR 059 1.21 046 1.56 049
SWE 0.63 069 0.18 363 0S5
Model [KE]L KL[PCGE!M KLE KLEINE! [KLEINEZ)M KLEINE) [KLEINEIIM
CES Translog Translog Restricied Translog Restricted Translog
Transiog Translog
Data Agg TS Agg.CC-TS Agg TS Agg CC-TS Agg TS Agg.TS-CC Agg.TS Agg TS-CC
60-83 59-73 60-84 60-84 60-82 73-80 60-82 73-80
Comment Biased tech Biased ech
change change

Notes: (a) Allen elasticities;

(b) Jarret & Torres (1987);
(¢) Allen elasticities estimated from output elasticities
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Table 11 (cont.)

Survey of interfactor and imerencrgy elasticties of substitution
Econametric estimates: interencrgy elasticities (a)

Notes: (a) Allen elasticities.

Europe
Authar Dmakunnas Hesse & Griffin
& Tormas Tarks (1977)
(1989) (1986)
Elasticity Com Swm S | O | G0
Country -
GER 138 08 | 03 0.t
FRA 1.45 05 | 0S5 02
UKM 124 22 | 04 | 003
ITA 131 13 1.1 <0.04
OST 05 | 06 02
BEL 12 05 | 06 02
DEN - 06 -
FIN 091 127 07 { 07 0.1
GRE - 11 -
RE - 14 -
NET 128 19 ] 05 | 0.03
NOR 1.44 - 55 -
POR 1.7 ] 10 | 007
SPA 29 | 05 | 005
SWE 151 82 | 31 038
Model KLEINEIMM | KLEINEIM KL[PCG)
Gen Leont. Translog Translog
Dsta Man.CS-TS | Agg.CC-TS Electricity sector
60-81 73-80 CC-TS 5569
Comment Post-1974 Biased Neutral tech.change
esimates | tech.change
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Table 13

Values of elasticities/parameters used in different models

Ener 1 ici
Whalley and Wigle (1990) Carbon based 05
(sensitivity analysis 0.1 to 1 §)
Edmonds and Barns (1990) 0il

bs b
o O

Coal

Inter-factor and inter-energy elasticities

i) Elasticity of substitution between KL bundle and E
Whalley and Wigle (1990) 05

Manne and Richels (1990) OECD

0 4
elsewhere 0.3

Bergmah (1988) Sweden 0.25
(sensitivity analysis 0.1 to 0.5)
ii) Inter-energy elasticity of substitution
Whalley and Wigle (1990) 1.0
iii) Inter-fuel elasticity of substitution in final demand

Whalley and Wigle (1990) 4.0

Edmonds and Barns (1990) 3.0
A nomou ner fficien im men

(average annual increase in %)

Manne and Richels (1990) 1990 2050
OECD 05 05
China 1.0 05
E Europe 0.25 05
RoW 00 05
Mintzer (1987) Coal and nuclear 0.2
(sensitivity analysis 0.2 to 1.5)

0il, gas, unconventional cil 0.3
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Table 14: CES Elasticities of substitution (all regions)

Sector 4
1 2 3 4 5 6 7 8 Government

Elasticity :
Labour/KEF (py4) 0.6 0.0 0.0 0.0 0.0 0.0 -0.6 -0 6
E/KF(pZi) ! -0.3 0.0 0.0 0.0 0.0 -0.3 -0.3 -0.3
Interenergy (r34) (1) -1.2 0.0 0.0 0.0 0.0 -1.2 -1.2 -1 2
Domestic/imported -30 -4.0 e« -4.0-4.0 -4.0 -2.0 -2.0
(pgy3.p54) (2)
Government inputs (pg) -0.75
World trade (pir) 4.0 -5.0 <« -5.0-3.0 -0.5-3.0 -3.0

9
An interenergy elasticity of 1.2 is also assumed for consumer (p1j) and

G
government (p;) demand and in the production of the typical investment
good (7).

The same elasticities have been assumed for consumers (p;), the

G I ST
government (p3), and for investment (p3) and stockbuilding (p; ) demand.
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Table 15: ELES Income elasticities (8;)

Region : Energy
North  Europe Pacific Exporting USSR China
Elasticity of America LDCs

demand for:

Food and beverages 0.5 0.5 0.5 0.6 0.6 0.7
Fuel and power 0.5 0.; 0.5 0.6 0.6 08
Transport and communications 0.8 0.8 0.8 0.9 0.9 1.2
Other goods and services 1.1 1.1 1.1 1.2 1.2 1.5
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Table 16° Own-price elasticities of fixed factors (nf)

Region : Energy
North Europe Pacific Exporting USSR China
Factor (1) America LDCs
Land 2.0 0.5 1.0 0.5 1.0 0.5 3.0 0.5 0 0.5 3.00.5
Coal 4.0 e 4.0 4 0 = 4.0 = 0 =« 50 «
0il e« - x « «< ® © @ « « @
Natural gas 00 3.0 00 3.0 00 30 « @ 0 40 0040
Carbon-free 02 o 0.2 0.2 « 0.2 = 2 = 02 =
1. The first figure 4s the upward supply elasticity, the second figure is the downward

supply elasticity.
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Table 17: Parameters of the resource-base sub-model

Region :
North
Resource: America Europe Pacific USSR China
Crude oil-
Extraction rate (r) (1) 0 063 0.052 0.083 0.056 0 045
Ratio of proven to
yet-to-find reserves (2) 0.676 1.034 0.48 0.796 0 458
Natural gas-
Extraction rate (r) (1) 0.055 0.027 0.017 0.019 0 017
Ratio of proven to '
yet-to-find reserves (2) 0.478 1.13 0.4 0.916 0.115
1. The reported observed base-year rates, have been adjusted in some cases in order
to find a solution for the calibration equation of the conversion rate (d) (see
text).
2 These ratios correspond to the mean uncertainty percentiles of Masters, Root and

Attanasi (1990).
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Table 18 Other parameters (all sectors)

Region : Energy
North Europe Pacific Exporting USSR China
Parameter - America LDCs (1)

Disinvestment elasticity 0 7 07 0.7 0.7 07 07
Depreciation rate 0 027 0 017 0.028 0 023 0.032 0 013
1 . A larger disinvestment elasticity was imposed in the coal mining seztor

in order to prevent convergence problems due to the tendency of the coal
price to drcp to zero in South Africa when a carbon tax is introduced
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Figure 3: Structure of household demand
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Figure §5: Resource depletion modeals
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Figure 6: Price sensitivity
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Annex 1}

- Sources for countries with available Input-Output tables :

Australia : Australian Bureau of Statistics.1983-84 Aystralian National Accounts. Input-Qutput

Tables. Canberra, 1989.
Canada : Statistics Canada. Canada Year Book 1985. Ottawa, 1988.

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

Finland : Central Siatistical Office of Finland. National Accounts. Panos-Tuotos (Input-
Qutput Tables) 1985. Helsinki, 1988.

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

Germany : Statistisches Bundesamt. !Qlkswxnsg aftliche Gesamtrechnungen. Reihe 2: Input-

Qutput-Tabellen 1984, Wiesbaden, 1988.

Japan:  Research and Statistics Departtnent, Ministry of International Trade and Industry.
1985 Input-Output Tables. Tokyo, 1987.

Netherlands : C.B.S. Nationale R;keningen. Input- ut Table for the Dutch Economy 19
The Hague, 1987.

Norway : "WMAT Selgerverdi 1985." Supplied to the Secretariat by the national authorities.

Spain:  Insttuto Nacional de Estadistica. Contabilidad Nacional de Espafia. Cuentas
Nacionales y Tabla Input-OQurput. Madrid, 1990.

U. K. : "The Use Matrix - Commodity Analysis of Purchases by Industry from
Domestic Production in 1984."

U.S.A.: United States Deparmment of Commerce / Bureau of Economic Analysis.
"Survey of Current Business.” Washington D.C. January 1990.

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

U.S.S.R.: "L'Economie Soviétique en Libre-Echange, les Conditions Initiales du
redéploiement économique.” Gérard Duchéne et Claudia Senik-Leygonie.
Contribution au colloque international "Les relations entre la Communauté
européenne et I'Europe de 1'Est.” Université Bordeaux-1. 4-6 October

1990.

Vienna Institute for Comparative Economic Studies. COMECON data 1988.
Vienna, 1989.
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Annex II

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 1-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 information 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 crude oil output value and a $0.5 billion natural gas output value.
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
70 per cent. In the absence of any better information, it was decided to assume
an upward bias between domestic and world 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 estimate 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. I-O table)
to this intermediate use of crude oil.

Electricity: value added comes from National Accounts and the output value is
estimated by applying the U.S. production structure to energy inputs 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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