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FOREWORD

In the beginning of the 21% century, climate change is one of hottest issues in arena of both international
environment and domestic one. During the COP6 meeting held in The Hague, over 10,000 people got
together from the world.

This report is a series of policy study on climate change in context of Korea. This study addresses on
interactions of economy and environment in a perfect foresight dynamic computable general equilibrium
with a focus on greenhouse gas mitigation strategy in Korea. The primary goal of this study is to evaluate
greenhouse gas mitigation portfolios of changes in timing and magnitude with a particular focus on
developing a methodology to integrate the bottom-up information on technical measures to reduce
pollution into a top-down multi-sectoral computable general equilibrium framework.

As a non-Annex | country Korea has been under strong pressure to declare GHG reduction commitment.
Of particular concern is economic conseguences GHG mitigation would accrue to the society. Various
economic assessment have been carried out to address on the issue including analyses on cost, ancillary
benefit, emission trading, so far. In thisvein, this study on GHG mitigation commitment is atimely answer
to climate change policy field.

Empirical results available next year would be highly demanded in this situation.

| would like to thank Dr. Seunghun Joh, Prof. Rob Dellink, and Ms. Yunmi Nam for their efforts made for
the project. Opinions expressed here are the authors', and do not represent the opinions of KEI.

December 2000

Korea Environment Institute
President

Sang Eun Lee
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|. INTRODUCTION 1

|. INTRODUCTION

This study addresses on interactions of economy and environment in a perfect foresight dynamic
computable (or applied) general equilibrium (CGE) with a focus on greenhouse gas (GHG) mitigation
strategy in Korea. The primary goa of this study is to evaluate greenhouse gas mitigation portfolios of
changes in timing and magnitude with a particular focus on developing a methodology to integrate the
bottom-up information on technical measures to reduce pollution (the characteristics of the abatement
techniques) into a top-down multi-sectoral computable general equilibrium framework. To this end, a
dynamic computable general equilibrium model is constructed including pollution and abatement as a
proto-type of the model. Empirical analysis based on the model developed here will be followed in a
consequent project during 2001.

The dynamic setting is essential, as most of the major interactions between the economy and the
environment are essentially dynamic in nature and capital formation is a typically dynamic phenomenon.
Climate change issue is a good example needed to deat with in dynamic way in that the policy
perspectives are in nature to cover long-term, usually at least more couple of decades, adaptation and
impact forecasting. Optimisation or simulation is two broad approaches taken for the dynamic analysis on
economic interest in general and climate change issue in particular. This study takes

simulation approach : It compares conseguences of GHG reduction schemes.

Standard CGE models do not pay explicit attention to the characteristics of the technologies involved, but
use smooth, continuous production and utility functions. This is a common critique by mostly technically
oriented scientists on these top-down economic models. On the other hand, most models that do take into
account the technical aspects of changing economic structures do not model the indirect economic effects
of these technologies (i.e. they adopt a partial framework). The large humber of technological options
available for pollution reduction precludes the use of discrete technology modelling in broad empirical
environmental-economic analysis. Therefore, in this article a new methodology is introduced® in which the
advantages of the top-down approach are combined with the main information of the bottom-up approach.

This study concentrates on the economic consequences of pollution and abatement, while environmental
stocks and damages by poor environmental quality on the economic system or on welfare are not taken
into account in this proto-type model, remains further works. The environmental sub-model is purely
represented by the pollution levels and abatement activities. In policy terms to secure certain level of
emission, the model cannot be used for Pigouvian analyses (see Pigou, 1920), where the optimal tax rateis
determined by the trade-off between abatement costs and damage costs, but rather for Baumollian
exercises where the cost-effective way to reach a predetermined policy target is analysed (see Baumoal,
1977).

The organization of the paper is as follows. In Chapter 11, different approaches to a dynamic specification
of the CGE model are presented and compared. Chapter 111 describes the model structure. Then, the main
results of policy scenarios areillustrated in Chapter 1V followed by conclusion in Chapter V.

! Essentially the same methodology is used in a static framework in Dellink et al. (1999).
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[1. DIFFERENT APPROACHESTO DYNAMIC CGE MODELS

1. Empirical CGE studieswith environmental issues

In this section, a short discussion of the most relevant literature is presented; a broader and more detailed
survey of the relevant literatureis given in Dellink (1999b).

Computable general equilibrium models are based on neoclassical theory. There are two types of
neoclassical growth models: (i) the Solow-Swan models with a fixed savings rate (Solow, 1956, 1957;
Swan, 1956) and (ii) the Cass-Koopmans-Ramsey models where the optimal savings rate is determined
within the (necessarily forward-looking) model (Cass, 1965; Koopmans, 1965; Ramsey, 1928). For an
overview of neoclassical growth theory, see for example Chaudhuri (1989) and Barro and Sala-i-Martin
(1995).

Most CGE models that include environmental issues adopt a static framework. Two (well-known) authors
that have persistently analysed environmental issues using static CGE models are Bergman (see for
example Bergman, 1988 and 1991) and Conrad (see Conrad, 1992 and Conrad and Schroeder, 1991 and
1993). These models focus on national economies. For the Dutch economy, static CGE models with
environmental issues include HERMES (SEO, 19xx) and Dellink and Jansen (1997). Recent additions to
the international literature include Nagvi, 1998, and Parry and Williams, 1999.

Looking at global CGE models with environmental issues, the three most well-known models are without
doubt OECD’s GREEN model (see Burniaux et al., 1992 and Lee et al., 1994), the MERGE mode by
Manne and Richels (Manne and Richels, 1992, 1995, 1999 and Manne et al., 1995) and the DICE model
by Nordhaus (Nordhaus, 1977 and 1994).

Though the DICE mode is hugely simplified it has alarge impact on research in climate economics, as the
dynamic approach using both abatement costs and damages presents a better framework for climate
economics than most other models. Though the Integrated Assessment models have more detail in both the
economics as well as in the environmenta specification, these models are so large that they are only
operated at very large research institutions and are not widespread; an entry into the literature on Integrated
Assessment modelsis given by Tol (1997) and Alcamo (1994).

Dynamic CGE models that include environmental issues are not very common. While the literature on
dynamic CGE modelsis expanding (e.g. Devargjan and Go, 1998), dynamic CGE models that focus on the
environment are rather limited. Jorgenson has carried out several dynamic analyses of environmental
policy questions within an CGE context (see for example Jorgenson and Wilcoxen, 1990 and 1993). He
uses econometric estimation of the relevant parameters, based on long-term US economic data. Other
studies using dynamic CGE models with environmental issues are Bohringer, Pahlke and Rutherford
(1997), Bohringer, 1998, Bohringer et al., 1999 and Perroni and Rutherford, 1998. How to deal with
temporal and spatia scales has drawn a wide attention from environmental studies modelling arena.
Evolution of the nature over time is of in essence dynamic characteristic. Meanwhile, the corresponding
consequences of the human system are some cases clearly distinguished such that it is imperative to
incorporate this geographic heterogeneity in impact analysis. As scientific knowledge has kept disclosing
that natural and human systems are mutually dependent not separated, the integration of economics and
environment in environmental analysis has been carried out in various ways. Although localized and
instantaneous environmental consequences receive attention by scientists and regulators dike, the

2
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problems defined by long-lasting pollutants, some of which disperse throughout the Earth, pose new
challenges(Falk and Mendelsohn, 1993).

Environmental policymakers must address the adverse effects of a number of pollutants that accumulate in
the environment(Toman and Withagen, 2000). Of particular instance is greenhouse gases such as carbon
dioxide emitted by the use of fossil fuels, which bring about global warming. Due to the long lasting
impacts of the global warming, the necessity of a dynamic approach to model both the impacts of
accumulative carbon concentration and the related economic stakes has rapidly emerged(Baudry, 1999).

Environmental and natural resources can be distinguished as being primarily flow oriented or stock
oriented. The flows that environmental stocks can generate are not irrelevant, as they govern the
development of the stock over time, but the environmental damages associated with these problems are
primarily related to the stock, not to the flow. For example, climate change is caused by the concentrations
(stock) of greenhouse gasses as they are built up in the atmosphere, not by the emissions (flow). Other
environmental resources are strictly flow oriented. For example, the moment a loud sound stops, the noise
disturbance it creates vanishes.

In terms of the way that environmental media have impact on the human system, stock-oriented examples
include toxic substances like PCBs and heavy metals, radioactive contamination, biological contaminants
in water that require time to break down, water acidification, stratospheric ozone depletion, and
accumulation of greenhouse gases. The detrimental effects of these substances on the ecological systems
and human interests depend on the concentration of pollution, and thus in turn on the accumulation of non-
degraded emissions. Goals for the regulation of theses damages often involve holding long-term emissions
to acertain level below believed to avoid environmental danger (Toman and Withagen, 2000).

2. How to treat emission-concentration interactionsin the previous models

A variety of models exist to investigate interaction between the environment and economy. In this study,
we focus on models which are dynamic in time frame, general in scope, and climate change in issue. Some
models do not necessarily meet the above criteria, however, most integrated assessment models (IAM)
worth receiving the attention. Integrated assessments are convenient frameworks for combining knowledge
from awide range of disciplines such as economics, ecology, engineering, and so on. IPCC (1996) shows a
good survey on the climate change IAM covering overview of existing IAM, preliminary results of the
models, and strengths and limitations of the current models. Here we mention several models relevant to
the theme of this study with a special attention to the way they treat concentrations.

21ALICE

As for environmental interactions, ALICE 2.0 follows CETA (Peck and Teisberg 1992), linking emissions
to concentrations, concentrations to temperatures, and temperatures to damages. The model use the “linear
box” model in which one distinguishes between five separate spheres each having different properties with
respect to carbon dioxide absorption (Maier-Reimer and Hasselman, 1987). It is assumed that the CO,
emitted is distributed over the five boxes, in amounts corresponding to shares of total emissions. Within
each box, the CO, concentration exponentialy adjusts to its natura level. The accumulation of GHGs
causes an increase of the equilibrium global mean temperature. For CO,, the temperature increase is
expected to be of approximate logarithmic nature.
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2.2AIM

The AIM (Asian-Pecific Integrated Model)is of a bottom-up type simulation model mainly examining
global warming response measures in the Asian-Pacific region. The AIM comprises four discrete but
linked models: two main models-the GHG emission model and the impact model- which are linked by two
globa physical models, the GHG cycle model and the climate change models (Matsuoka, Kainuma and
Morita, 1994).

2.3 FUND

The FUND (Climate Framework for Uncertainty, Negotiation and Distribution) is a model that closes the
loop population — economy — technol ogy — greenhouse gas emissions — atmospheric composition — climate
— climate change impacts — emission abatement. FUND was developed to compare the impacts of climate
change againsgt the impacts of greenhouse gas emission abatement with performing a cost-benefit analysis
with multiple actors and under uncertainty.

A standard five-box carbon cycle model (cf. Hammitt et al., 1992) is used for carbon dioxide
concentrations in the atmosphere. Methane and nitrous oxide are taken up in the atmosphere, and then
geometrically depleted with life-times according to Schimel et al.(1996). Other human disturbances of
climate are omitted. Changes in radiative forcing follow from Shine et al. (1990). Radiative forcing drives
the equilibrium change in the global mean temperature, to which actual temperature geometrically
converges. Equilibrium sensitivities and convergence rates are calibrated to the typical outcomes of simple
climate models (cf. Kattenberg et al., 1996).

24 MERGE

MERGE (A Model for Evaluating Regional and Global Effects of GHG reduction policies) is designed to
explore alternatives views on a wide rage of contentious issues, e.g., costs, damages, valuation, and
discounting (Manne, Mendelsohn, and Richels, 1994). It consists of a series of linked modules including 1)
the costs of reducing the emissions of radiatively important gases such as carbon dioxide (CO,), methane
(CHy), and nitrous oxide (N0), 2) natural system disposition and reactions to the emissions of these gases,
and 3) the reaction of human and natural systems to changes in the atmospheric/climate system (Manne,
Mendelsohn and Richels, 1994). According to recent version MERGE4?, one of distinctive features of the
model relevant to environmental module 1) alows for the heating effects of CO,, CH, and N0, 2) alows
for the cooling effects of sulphur emissions, 3) includes the option of carbon sinks such as afforestation,
and 5) includes the option of abatement of CH,4 and of N,O.

The emissions of each gas are divided into two categories: energy and non-energy. Emissions from energy
sources are determined endogenously while emissions from non-energy sources are exogenous inputs to
the model. The model assumes that prior to the industrial revolution, natural additions were offset exactly
by natural removal. That is, the stock of carbon was in steady state. This implies that in MERGE
anthropogenic emissions will lead to increase in stock of carbon in the atmosphere.

Regarding the future atmospheric CO, concentrations, the model uses a reduced form carbon cycle model.
Using the carbon cycle modd, it is straightforward to convert emissions into atmospheric concentrations.
Carbon emissions are divided into five classes, each with different atmospheric lifetime. For CH, and N0,
the atmospheric stock in year t+1 equals to the fraction of the stock in year t remaining in the atmosphere
plus new emissions.

2 http://www.stanford.edu/group/M ERGE/code.htm
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25PAGE

PAGE (Policy Analysis for the Greenhouse Effect) is a probabilistic model that includes elements of
emission policies, control costs, impact mitigation strategies and damages. Anthropogenic emissions of
greenhouse gases such as carbon dioxide, methane, and nitrous oxide, and chlorofluorocarbons are dealt
with in the model (Plambeck, Hope, and Anderson, 1997).

The excess concentration of anthropogenic greenhouse gases is computed as the difference between the
concentration in the base year and the pre-industrial one. A portion of emissions gas gets into the
atmosphere. Emissions into the atmosphere since the previous analysis year are approximated by a linear
interpolation. The cumulative emissions into the atmosphere are sum of cumulative emissions in the last
analysis year and the total emissions to the atmosphere since the last analysis year. Emissions remaining in
the atmosphere are increased by emissions to the atmosphere since the previous model year and decreased
by chemical and other interactions since the previous model year.

As for policy harmonization in targeting gases, Plambeck et. al (1997) point out that anthropogenic
aerosols in the troposphere, notably sulphate, have a significant cooling effect. Aerosols, whose average
lifetime are only 6 days (Charson, 1991) are produced primarily through metal smelting and the
combustion of biomass and fossil fuels. Greenhouse gases, which are uniformly mixed throughout the
atmosphere, can be modelled as a simple additive component in mean globa forcing, whereas modelling
the effect of aerosols requires regional scarcity. Consequently, policy to reduce fossil fuel burning could
have a counter-intuitive warming effect in the short term by eliminating the aerosols that mask long-term
greenhouse gas warming. In addition, programs that reduce acid rain by cutting sulphur emissions may
also contribute to global warming.

2.6 RICE and DICE

The RICE and DICE models developed by Nordhaus are integrated economic and geophysical models of
the economics of climate change(http://www.econ.yale.edu/~nordhaus/homepage/dicemodels.htm). They
are the extension of the Ramsey model to include climate investments in the environment. Emissions
reductions in the extended model are analogous to investment in the mainstream model. According to the
models the concentrations of GHGs are regarded as “negative capital,” and emissions reductions as
lowering the quantity of negative capital. Sacrifices of present consumption meaning lower emissions
bring about preventing economically harmful climate change and thereby increasing consumption
possibilitiesin the future.

The geophysical relationships that link together the different forces affecting climate change include a
carbon cycle, aradiative forcing equation, climate-change equations, and a climate-damage relationship. In
the new models, endogenous emissions are limited to industrial CO,. Industrial emissions are treated as a
joint product of carbon-energy. Other contributions to global warming are taken as exogenous. The new
models contain a new structural approach to carbon-cycle modelling that uses a three-reservoir model
calibrated to existing carbon-cycle models. Climate change is represented by global mean surface
temperature, and the relationship uses the consensus of climate modellers and a lag suggested by coupled
ocean-atmospheric models.

The origina DICE and RICE models used an empirica approach to estimating the carbon flows,
estimating the parameters of the emissions-concentrations equation from data on emissions and
concentrations. This approach has been criticized that the models may understate the long-run atmospheric
retention of carbon because it assumes an infinite sink of carbon in the deep oceans. DICE-99 and RICE-
99 replace the earlier treatment with a structural approach that uses a three-reservoir model calibrated to
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existing carbon-cycle models. Thus, the RICE/DICE-99 approach matches the original DICE model and
other calculationsin the early periods but has better long-run properties.

3. Different types of dynamic modelling

The simplest dynamic CGE model is a steady-state model. Essentially, a steady-state model is a static
model (there is only one period), where some steady-state conditions are satisfied (primarily with respect
to investments, see Barro and Salai-Martin, 1995). The steady-state model is useful to illustrate the
balanced growth path that may emerge in the long run and can be used to analyse the steady-state
properties of the equilibrium. This type of model can however not be used to analyse the transition paths
from the current growth path to a sustainable growth path.

The second type of model explored in this paper is the recursive-dynamic CGE model. This type of
dynamic model is characterised as a series of individual one-period model simulations, and is based on the
assumption that agents in the economy have no forward-looking behaviour. Hence, the model can be
solved recursively, for each period separately, where the periods are linked through the capital stock. In
comparison to the steady-state model, the recursive-dynamic approach has some major advantages. it
enables the calculation of the transition path from the initial steady-state to a new steady-state, which is of
particular importance for policy making, and which cannot be studied in a steady-state model. Naturally,
the inclusion of the transition path may have significant impacts on any policy recommendations to be
drawn from the analysis.

The third type of dynamic CGE model investigated here is the forward-looking model, like the standard
Ramsey model with perfect foresight and certainty. This type has the advantage over recursive-dynamic
models that consumers maximise their utility not only based on the current state of the economy, but also
on future welfare (discounted to present values). This inter-temporal aspect lacks in a recursive-dynamic
model. Empirical estimates suggest that consumers in reality do look ahead to some extent, but do not
maximise their utility till infinity (see Srinivasan, 1982 and Ballard and Goulder, 1985). Intuitively, it is
hard to imagine that none of the economic agents in the model takes a long-term view for his or hers
decisions (see Solow, 1974). Consequently, the forward-looking and recursive-dynamic models provide
extreme cases between which decision making in reality resides.

An aternative specification of the forward-looking model could be to assume that consumers maximise
their discounted utility based on current prices and expectations of the future (and reconsider their actions
in the next period when expectations change). This can be done in a temporary equilibrium framework or
using the theory on incomplete markets. These models are closer to redlity in this respect, but it may be
hard to find good expectations functions for future prices and profits.

All model types discussed above are based on a finite number of periods approximation of the infinite-
horizon assumption. A model is set-up for T periods, and all periods after that horizon are irrelevant to the
model (apart from some transversality conditions concerning capital stock and utility after the last period).
Consequently, the total number of markets (both current and future) and thus the number of decision
variables is finite. Alternatively, one could specify an infinite-horizon model; these include two sub-types:
Overlapping Generations (OLG) models and dynastic models. In the OLG models, consumers live for a
finite time (longer than one period but shorter than the model horizon), so that in each period, two or more
generations co-exist; the number of generations is infinite. The OLG framework thus deviates from the
dynastic model, which assumes a finite number of consumers that live infinitively long and a socia
planner that ensures an optimal solution (see Ginsburgh and Keyzer, 1997). A recent example of an
environmental-economic OL G-model is Gerlagh, 1999.

6



I11. DESCRIPTION OF AMODEL STRUCTURE 7

[11. DESCRIPTION OF A MODEL STRUCTURE

The main goal of this chapter isto show the main mechanisms that are at work in the model and how these
mechanisms are influenced by the basic modelling assumptions. The model presented here is highly
stylised®. It may be called a ‘ proto-type model’, as it is used only to highlight the methodology presented
above. For good empirical assessments of environmental policies, the proto-type model has to be
augmented in several ways. These empirical issues will, however, not influence the main methodology
presented in this article. In this chapter, social accounting matrix (SAM) isfirst presented. The description
of model, then, is explained.

1. A General CGE Structure

A CGE is a system of simultaneous equations used to analyze interrelations of all economic sectorsin a
guantitative way. The CGE is composed of production equations, output disposition equations, market
clearing equations, and other miscellaneous equations related to household income, government revenues
and expenditures.

2. Description of theinitial equilibrium using a SAM

A Socia Accounting Matrix (SAM) is concise and comprehensive database of an economic structure of a
society. It illustrates linkages among production, consumption, international trade, and financia flows.
Table 1 shows a brief type of SAM.

Table 1. Schematic Social Accounting Matrix

Goods Producers Consumers  Total
Goods Inputs Consumption Demand
Producers  Outputs Revenues
Consumers Endowments  Transfers Income
Total Supply Expenditures  Expenditures

® Model results of steady-state, recursive, and perfect foresight are given in Dellink(2000).
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The Adjusted SAM gives an alternative presentation of the economy, where Goods and Producers are aggregated”.
The following table gives the adjusted SAM for a closed economy with 2 producers, 1 private household and a
government sector:

Table 2. Adjusted SAM for a closed economy

Private  Governm- | Column Assoc-
Producerl  Producer2 iated
households ent sum .
prices
Producer | Output Intermediate Consumpt- Consumpt- 0 1
1 deliveries ion ion
Producer | Intermedi- Output Consumpt-  Consumpt- 0 1
2 ate eliveries ion ion
Labour |Labour Labour Labour 0 1
demand demand supply
Capital | Capital Capital Capital 0 1
demand demand stock
Taxes |Taxeson Taxeson Tax 0 1
output and output and revenues
inputs inputs
Transfers Lumpsum  Lumpsum 0 1
transfers  transfers
Row sum 0 0 0 0 0

All rows have to add up to zero to ensure market clearance (where supply is valued positive and demand is
valued negative). In the columns for the producers, the value of outputs (the quantity on the diagonal of the
matrix, multiplied by the associated price of the row) have to equal the vaue of inputs (including tax
payments), so each column has to sum to zero (this is known as the zero-profit condition). In the columns
for the consumers the value of consumption has to equa the value of the endowments (including tax
revenues and transfers) in order to ensure income balance.

In the base accounting matrix above, al prices are normalised to unity (without loss of generality). The
reason for this is that statistics are normally only accounted in value terms. In aggregated models, the
physical quantities cannot be derived in a straightforward way (as it entails adding apples and pears) so
some price hormalisation has to be applied and the quantities are defined to match the prices. If prices
differ from unity (as will be the case in policy simulations), then one must multiply all entries in a row

* Thisis possible due to the assumption that each producer provides one unique good. The extension to multiple-
output producersis straightforward, but goes beyond the scope of this text.

8
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with the associated price (each row has it's own associated price) in order to get the zero-profit and the

income-bal ance conditions.

The accounting matrix presented above can easily be augmented to include

- the abatement producer (include an additional row and column) and

- pollution (include additional rows for each environmental theme; the revenues are accounted in the
column for the government sector; prices are effectively zero in the benchmark).

The following table gives the augmented accounting matrix:

Table 3. The Augmented SAM

Col Assoc-
Y1 Y2 YA Priv. Gov. ' iated
sum )
prices
ID ID _ _ 0 1
Y1l Yl - Yl,z - Yl, A C1,Pr iv C1,Gov
ID ID — _ 0 1
Y2 - Y2,1 Y2 - Yz,A Cz,Pr iv C2,Gov
ID ID _ _ 0 1
YA |- YA,l - YA,z Ya CA,Pr iv CA,Gov
L |-L -L, -L, L 0 1
— - - v 0 1
K Kl K 2 K A K
T “a [Xi L) [Xz _TxA |:XA _Txh |:Xh Taxrev 0 1
(x=K.Ljj) (=KLjj) &=KLjj) &=KLjj)
T LS T LS -7 LS 0
- - 0 0
E Ee 1 Ee,2 Ee A Ee,Pr iv Ee,Gov
(e=themes) (e=themes) (e=themes) (e=themes) (e=themes)
Row 0 0 0 0 0 0
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In thislast table, the following notation is used:

Table 4. Notations used for SAM

Symbol Description Symbol Description
Yj Production quantity of sector | L Exogenous labour supply
y!> Demand for input jj by sector| «— Capital supply (in ‘flow’
L terms: capital services)
L. Labour demand by sector | T Tax rate on demand for input
I x,h ..
x by consumer h (x=K,L,jj)
K. Capital demand by sector j s Lumpsum transfer  from
: government to the private
consumer
T, Tax rate on demand for input| £ A Pollution of environmental
, €,

X by sector j (x=K,L,jj and

_wvID .
X; —ij’j for x=jj)

theme e by consumer h

E Pollution of environmental E Endowments of pollution
theme e by sector | € permits for environmental
themee

C. ., Consumption of good j by
' consumer h

3. Modédl description

This section discusses the basic assumptions that are needed to build a multi-sectoral (dynamic)
computable general equilibrium (CGE) model, including a specification of environmental pollution and
abatement activities’.

3.1 Modelling economic issues

The modd is of the computable general equilibrium (CGE) type. A genera equilibrium model consists of
a set of ‘economic agents (like consumers and producers), each of which demands and supplies
commodities or services (hereafter denoted in brief as ‘goods’). Agents are assumed to behave rationally.
Each agent solves its own optimisation problem. The agents take prices, which give information about the
decision environment (like the behaviour of other agents and government policies), as given. Equilibrium
is defined as a state of the economy in which the actions of all agents are mutually consistent and can be
executed simultaneously. In other words, demand must equal supply on all markets and adjusting relative
prices attains equilibrium. See Shoven and Whalley, 1992 or Ginsburgh and Keyzer, 1997 for more details.

10
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Generdly, there are two categories of agents. consumers and producers. Consumers (households)
maximise their utility under a budget constraint, for given prices and given initial endowments. Producers
(firms) maximise profits under the restriction of their production technology, for given prices. Demand and
supply, which result from the agents' optimisation problems, meet each other on the markets. The model is
written in GAMS in what Ginsburgh and Keyzer (1997) call a‘ CGE format’, which means that the model
is formulated as a system of non-linear equations that can be solved simultaneously. This format implies
that no Negishi weights (see Negishi, 1972) have to be constructed for the various consumer groups.

In the current model version of the model, there is no international trade. This allows for an endogenous
interest rate in the various model types.

The consumers own the production factors labour and capital (the endowments) and consume both
produced goods (for which a CES-type utility function is used). There is one representative private
household and a government sector. The government sector collects taxes on all traded goods (both
produced goods and the primary production factors) and uses the proceeds to finance public consumption
of the two produced goods and pay for alump-sum transfer to the private household.

For government behaviour the assumption is made that government utility follows private utility (i.e. there
is a constant ratio between the two levels of utility) throughout all model simulations by proportionately
changing the existing tax rates.

In the steady state and recursive-dynamic model, the households optimise current utility subject to the
(current) budget constraint. Inter-temporal borrowing of funds is not possible in these two models. In the
forward-looking model, the households maximise the present value of current and future utility, using the
endogenous annua savings as one of the instruments. The budget constraint is only applied to the present
value of al periods and not for each individual period, so that inter-temporal borrowing of funds is
assumed possible.

The labour supply is fixed, but the wage rate is fully flexible; an exogenous growth of the labour supply is
assumed. This growth in the labour supply drives the growth of the economy. In the steady-state model
thereis no increase in labour supply (as there are no periods distinguished).

The (total) capital stock is determined endogenously within the model; the way in which capital and
investments are specified differs between the model types. In the steady-state model, the capital stock is
determined by the steady-state requirements, where the (new equilibrium) rental price of capita is
constrained so that the price of new capital equals the price of existing capital (i.e. the value of Tobin's Q
equals unity; see Hayashi, 1982). These conditions aso determine the optimal savings and investment
level in the steady-state model.

In the forward-looking model, the capital stock and investment levels are fully endogenised: there are two
additional fictitious production sectors modelled. The first, which may be called the capital services
producer, transforms the current capital stock into capital services (that are input for the production
sectors) and next period capital stock. The second fictitious production sector transforms investments by
origin into next period capital stock. The consumers are endowed with a certain capital stock in the first
period of the model and a final period capital stock (the transversality condition, in this case stating that
capital stock in the last period should equal capital stock in the period before times the steady-state growth
rate). The forward-looking behaviour of the agents and the endogenous savings rate make this model of the
Cass-K oopmans-Ramsey type.

® A detailed description of the model specifications used in this article is available from the author on request. The
model codeis given in the appendices.



12 Economy and Environment in Dynamic CGE

The share of both produced goods in investments are fixed exogenously in al models. Consumer savings
reduce consumption so that the consumer income condition holds.

The nested-CES production function consists of the input of labour and capital and intermediate deliveries
from the other producing sector. Each producer produces one unique output from the inputs. As full
competition is assumed, there are no excess profits to be reaped and the maximum-profit-condition
diminishes to a least-cost-condition. The production function also contains the pollution associated with
production and the investments in abatement by the sector. These are discussed separately below.

3.2 Modelling environmental issues

Production processes lead to pollution. This pollution is regarded as a necessary input for the production
functions (though it seems more natura to view pollution as ‘unwanted output’, it can equivalently be
regarded as a necessary input in the production of economic outputs;, the key is that there is
correspondence between production and pollution for a given technology). In the policy scenarios, this
pollution is controlled by the government by means of tradable environmental ‘ pollution permits’, that the
producers (and consumers) can buy from the government (the proceeds are used to reduce existing taxes).
In this way, a market for pollution permits is created, where, as in all markets in the model, prices are
determined endogenously by equating demand and supply. Producers have the (endogenous) choice
between paying for their pollution or investing in pollution abatement, and will always choose the least-
cost of the two. By consuming, the households aso inevitably pollute. Just as the producers, the
households can either pay for pollution permits or invest in abatement®. Environmental quality is not
directly included in the utility function, but consumers environmental expenditures do have an impact on
the maximum consumption and utility level achievable.

A third possibility for producers (consumers) is of course to reduce their production (consumption). This
becomes a sensible option when both the marginal abatement cost and the price of the permits are higher
than the value added foregone in reducing production (for producers) or utility foregone in reducing
consumption (for consumers). At low levels of required pollution reduction, thisis not likely to be a viable
option. However, if the required pollution reduction is set at a much more ambitious level, which may not
be unrealistic when striving for (strong) sustainability, then both the costs of buying the pollution permits
and the costs of investing in further abatement may become extremely high and reducing production
(consumption) may become a least-cost strategy’.

Normal CGE models describe the technical possibilities to change the production (or consumption)
structure in the form of smooth elasticities of substitution, without paying explicit attention to the
characteristics of the technologies involved. On the other hand, most models that do take into account the
technical aspects of changing economic structures do not model the indirect economic effects of these
technologies (i.e. they adopt a partial framework). In principle, both approaches can be reconciled: the
available techniques can be explicitly modelled in a general equilibrium framework so that both the
technical information and the indirect effect are taken into account (see Bohringer, 1998, where the same
complementarity format is used as here).

® Practical difficulties may lead to a different choice of policy instrument in reality. Nonetheless, the approach taken
here is the cost-effective one and can therefore serve as a reference point for evaluating other policy instruments.

" Note that from a macro-economic point of view the labour that is ‘freed” when reducing production in one sector
may be used in a profitable way in other (less polluting) production sectors, if these have less pollution associated or
have lower abatement cost options available.

12
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However, practical problems stand in the way of using this integrated approach: when one looks at several
environmental themes and wants to include information on all available technologies, the number of
techniques that have to be specified gets very large (for climate change alone, there are around a thousand
abatement techniques available; see De Boer, 1999 and Dellink and Van der Woerd, 1997). This precludes
the use of discrete technology modelling in broad empirical environmental-economic analysis. Therefore,
in this article a new methodology is introduced in which the advantages of the top-down approach are
combined with the main information of the bottom-up approach. To this end, the bottom-up information is
aggregated into so-called abatement cost curves, which give the marginal abatement costs for increasing
levels of pollution reduction. These abatement cost curves aso provide the information on the total
(technical) potentia of pollution reduction. Then, these abatement cost curves are approximated by means
of an ‘iso-output curve that reflects the trade-off between pollution and abatement. These iso-output
curves are then implemented in the AGE model.

The abatement process is modelled as a separate producer, where * abatement goods are produced using
both produced goods and primary production factors as inputs. This is roughly in line with Nestor and
Pasurka (1995), but there the abatement producer is an implicit part of the government sector, and hence
does not have a specific structure. In our model, a CES production function is caibrated, for which the
data are derived from abatement cost curves. these inputs represent the ‘ spending effects’ of implementing
technical measures. It is assumed that these spending effects are homogenous over the compl ete abatement
cost curve and do not differ between the environmental themes. As a result, one abatement producer
suffices to represent the abatement possibilities.

The output of the abatement producer is demanded by the other producers and by consumers, so each
producer and consumer in principle has the same set of abatement technologies available, but each will
have other substitution possibilities between investing in abatement and buying pollution permits.
Consequently, both the marginal costs of abatement and the technical potential to reduce pollution through
abatement will differ between the producers. The marginal abatement costs will be equalised in the model,
as the resulting equilibrium is characterised by cost-effectiveness. These margina abatement costs in the
new equilibrium will also equal the price of the pollution permits. Hence, all polluters are indifferent at the
margin between polluting and investing in abatement.

As the abatement cost curves are trandlated for each producer and environmental theme into an *iso-output
curve' of pollution and abatement, the abatement possibilities are presented as a function of pollution and
not as a function of pollution reduction. Then, a CES function is calibrated to best fit the iso-output curve
and the CES-dadticity thus estimated describes the sector-specific, environmental theme-specific
possibilities to substitute between pollution and abatement.

Figure 1 illustrates the concept of the abatement cost curve and iso-output curves in case of the
Netherlands. Note that the figure differs from a normal representation of abatement cost curves in that the
Climate change ite change, emissions in the
e above 110 kilo tonnes CO,-
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Figure 1. An iso-output curvefor climate change

Though this approach may not seem very flexible at first glance, preliminary empirical analysis suggests
that for all environmental themes the abatement cost curves can be fitted with a difference of less than one
and a half percent margin of error (see Verbruggen, 1999). Hence, the approach taken here is relatively
easy and straightforward, but a still rather accurate methodology to integrate the (bottom-up) technical
measures into the (top-down) AGE model. The technical potential to reduce pollution through abatement
activities provides an absolute upper bound on abatement in the model. Thisis a clear advantage over the
traditional quadratic abatement cost curves, where no true upper bound on abatement activities exists (the
abatement costs will always be finite, no matter how much pollution is abated).

Environmental policy is implemented by determining the number of pollution permits the government
auctions:. in the base simulations, the government distributes exactly the number of permits that allows the
producers and consumers to maintain their original behaviour. The price of the permits is endogenously
determined on the market by equating demand and supply, just like other prices. The revenues from the
sale of the permits to producers and consumers is — by assumption — used by the government to reduce
existing taxes proportionately. If the government wishes to reduce total pollution by x percent, it just takes
away x percent of the permits.

A direct effect of a reduction in the number of permits is, ceteris paribus, a reduction in the government
revenues from the permits. This puts an upward pressure on other taxes. However, as aways, the CGE
model is full of (mitigating) indirect effects: the producers and consumers will change their behaviour,
shift towards more environmentally friendly techniques, and invest in abatement. Moreover, as the supply
of permits decreases, the price of the permits will increase; this will also mitigate the loss in government
revenues. On balance, the government revenues may go up or down, depending on the value of the price
elasticities of demand for pollution permits by the producers and consumers.

Although the analysis of the optimal timing of policiesis not a direct aim of this study, the framework is
highly suited to investigate the consequences of speeding up or deferring environmental policy targets. At
this stage, annual environmental targets will be satisfied and the development of these targets over timeis
assumed exogenous.

3.3 Parameter valuesfor the numerical example

A social accounting matrix employed for the study is represented in table 5 below. In the accounting
matrix, production outputs and consumer endowments are given as positive values, inputs and
consumption are given as negative values.

All producers (Y1, Y2, Y3 and the abatement sector YA) have a Cobb-Douglas production function for
intermediate deliveries and primary factors (see Table 6). The substitution possibilities between abatement
and pollution is assumed to 1.4 for both CO, and NOy emissions. It is assumed that as intermediate input
for production and consumption, clean and dirty energy is characterised with perfect substitution.
Investments are made up of goods Y1, Y2, and Y 3.

Private consumers have a utility function with a CES elasticity of 1 (Cobb-Douglas utility function); the
corresponding elasticity for the government is set at 0 (Leontief’ utility function) as can be seenin

Table 7. The government does not save, but the private households do. The intertemporal rate of
substitution of consumptionis set at 0.5.

14
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Y1 Y2 Y3 YA PRIV GOVT | colsum

yi 70 21 -10 22 17 0 0
v2 9 160 50 -3 -8 0 0
vy3 18 30 300 -2 200 -50 0
YA 10 30 -4 8 5 0 0

L 5 .20 57 -5 138 0 0

K -18 -47 -97 -2 164 0 0
tl -5 8 -16 0 0 29 0
txk 5 -4 30 0 0 39 0
tds O O O 0 18  -18 0
"W o 0o 0o o 0 0

sum

Note:

‘Y1’ indicates polluting manufacturing sector, ‘Y2’ dirty energy sector, ‘Y3 clean energy sector; ‘YA’

indicates the abatement sector; ‘PRIV’ stands for the private households and ‘GOVT’ for the government
consumer; ‘L’ and ‘K’ are the primary production factors labour and capital, respectively; ‘taxl’ are taxes on
labour, ‘taxk’ are taxes on capital use and ‘taxls’ are lumpsum transfers between government and consumers,
the ‘price’ column gives the prices associated with the rows; ‘rowsum’ is the sum over al rows within asingle

column and ‘colsum’ is the sum over al columns within asingle row.

Table 6. Additional producer data

Y1 Y2 Y3 YA Explanation

Sharein origin of
InvSh 0.1 0.5 04 0.00 ) g
investments

Elas 10 10 1.0 1.0 .
inputs

Elas2 14 14 14 0.0

Elas3 +INF +INF +INF +INF

co, 01 0.6 0.0 0.0
2 Co,

NO 0.1 05 0.0 0.0

NO

Substitution elast. between

Subst. €l. Between pollution
and abatement
Subst. el. Between inputs of
Y2and Y3
Sharein total pollution of

Sharein total pollution of

Table 7. Additional consumer data

Priv. Gov't ‘Explanation

Savsh 1.0 0.0 ‘Shareintotal savings
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Sigma 0.5 0.5 Intertemporal subst. €l.

Elas 1.0 0.0 Subst. el. between consumption goods
Elas2 14 0.0 Subst. el. between pollution and abatement
Elas3 +INF  +INF | Subst. el. between inputsof Y2 and Y3
CO;, 0.3 0.0 Share of polluter in total pollution of CO,
NO, 0.4 0.0 Share of polluter in total pollution of NOy

Pollutions for climate change and acidification problem are generated in this model only from Y1 and Y 2.
Sector Y1 accounts for 10% of CO, emissions and 10% of NOy emissions ; sector Y2 dirty energy
accounts for 60% of CO, emissions and 50% of NO, emissions; the private households account for the rest
of the emissions (30% of CO,, 40% of NO,); the abatement sector itself and the government consumer do
not pollute.

The growth rate is induced by an annual four percent autonomous increase in labour supply; the
depreciation rate is set at seven percent and the interest rate at seven percent.

To dlow a sufficiently long period for stabilisation to the steady state, the whole model horizon is of
100years, 2000-2100; it is expected that any short-term deviations from the long-term growth paths will
have faded out by then. The policy period is much shorter: 30 years, 2000-2030.

3.4 Sectoral Structure

This section gives a more detailed delineation on the model employed here. The production structure of
general CGE models consists of production functions, zero profit conditions, and input demand equations
for each sector modeled. Production is normally assumed to be function of primary inputs--labor, capital,
and land, which are combined according to a specified production function, and intermediate inputs, which
are outputs or sectors included in the model and used in the production of other outputs or sectors in the
model. These intermediate inputs are generally assumed to be used in a fixed proportion to output levels.
Production functions of primary inputs can be Cobb-Douglas, CES, nested CES, or some other form.
Specific functional forms are chosen according to which points are emphasized in the model. Input demand
functions are derived by first order conditions for profit maximization subject to budget constraints.
Primary input totals are generally assumed fixed. Zero profit conditions require that producers revenue
equals the sum of the costs to produce the products.

Output disposition sectors are divided into household consumption, intermediate uses, exports, government
expenditure, and inventories. In genera CGE models, household consumption is modeled by a series of
consumer demand eguations for each output based on a specified form of utility function subject to budget
congtraints. Intermediate demand for outputs is based on a fixed proportion assumption that a given
number of units of production from a sector are required to produce each unit of output in each sector for
which it is an input. In one country models with trade, CGE models generally either assume homogeneous
foreign and domestic products and model trade with single net export or net import equations, or
differentiated products are assumed with an Armington demand structures for imports and constant
elagticity of transformation functions for outputs sold domestically or exported.

Market clearing conditions require that the sum of all uses for each commodity is equal to its production
level plusimports. Factor market clearing conditions assume that the total supply of each primary factor is
fixed, and equal to the total demand for each sector.

16
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Household income is assumed to be a function of factor income, transfers, savings, and taxes. Other
sectors--government expenditure, inventory, taxes, and savings--are assumed to be proportional to output
or income levels, or are assumed fixed.

The production sector is where most of the changes in structure were made to alow simulation of the
energy input tax and emission control through timing and magnitude differentiated. The basic structure of
general CGE is discussed first, and this is followed by a discussion of the changes to the production
structure needed for this analysis.

The production structure of general CGE models consist of production functions, zero profit conditions,
and input demand equations for each sector modeled. Production is normally assumed to be function of
primary inputs--labor and capital, or which are combined according to a specified production function, and
intermediate inputs, which are outputs or sectors included in the model and used in the production of other
outputs or sectors in the model. These intermediate inputs are generally assumed to be used in a fixed
proportion to output levels.

Production functions of primary inputs can be Cobb-Douglas, CES, nested CES, or some other forms.
Specific functional forms are chosen according to which points are emphasized in the model.

Input demand functions are derived by first order conditions for profit maximization subject to budget
congtraints. Primary input totals are generally assumed fixed. Zero profit conditions require that producers
revenue eguals the sum of the cost to produce the products.

Nested CES functions were used in this model to permit different substitution elasticities between pairs of
inputs. Major modifications to the general CGE model structure were made for this analysis.

First, in this model, energy sectors, which are intermediate inputs, are separated from other intermediate
inputs. Energy sectors are distinguished clean- or dirty energy based on where they emit GHG or not.
They, then, are made flexible inputs rather than a fixed proportion input so that substitution of clean- with
dirty-energies vis-a-vis with other inputs is possible when the energy price increases due to an output tax
on the energy.

Second, it is assumed that producers make a cost-effective choice between purchasing pollution permits or
paying pollution taxes and spending on abatement activity.

Emission sector and abatement sectors are substituted each other in the model so that fictitious
environmental services sector in this model is composed of residual of emission after abatement of the
emission generated by production activity. As previously noted, in this proto-type model no environmental
impact of emission residual specified and remains further works. Equation 1 represents production function
and environmental service sectorsin genera functional form (for a definition of indices see Table 8).

— 1D 1D 1 \% H 8
Y =CES(Y 10 Yy 00 K Ly BES 100 ESE 110100 T )) for each (j,t)
(1)
8 Asusual, *..." isused to indicate all items within the range as given by the items listed before and after.

A general nested CES production function with for example 4 inputs and 2 levels can be written as:

Y = (@ X+ @Xo + asXa) P and  Xgy = (agXa+ aXe¥) ¥ for some parameters ay, @y, ass, as, as, Where p=(0-1)/c
and Y=(¢-1)/¢. A convenient notation is: Y = CES(X;, X5, Xas; 0); Xas = CES(Xz, X4; ).
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Table 8. Definition of indices

Indices
Label Entries  Description
jandjj 1,...,JA Production sectors, including Abatement producer (A)
j={High-polluting sector, Low-polluting sector, Abatement
producer}
H 1,...,H Consumer groups
h={ Private households, Government}
E 1,....E  Environmenta themes
e={ Climate change, Acidification}
V; 1,....V; ‘CESknots in production functions
v={ Economic inputs, Environmental inputs, Production}
Vy 1,....Vy ‘CESknots in utility functions
vy={ Goods, Environmental inputs, Consumption}
T 1,...,T  Timeperiods
t={1998,1999,...,2030}
Parameters
Symbol  Description
g, Exogenous growth rate of labour supply
apeiet Autonomous pollution efficiency improvement; assumed equal across
" dl agents
Oy Depreciation rate
r Steady-state interest rate
| S Base level investments (calibrated to steady-state)
K*S Base level capital stock (calibrated to steady-state)
L_h't Exogenous labour supply by consumer h in period t
E.,. Endowments of pollution permits for environmental theme e by
w consumer hin period t
[ Input share of good j for investments (by origin)
Ty | Tax rate on capital demand by sector |
T Tax rate on labour demand by sector j
Tiii Tax rate on input of good jj by sector j
Tn Tax rate on consumption of good j by consumer h
Ty Tax rate on the supply of capital by consumer h
L Tax rate on the supply of labour by consumer h

18
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ThLS Lumpsum transfer from government to consumer h,

H H
with ZthS =0 and ;r,ﬁs [ ° =0

T Lumpsum transfer from (excess) private households to the subsistence
consumer

0}’ Substitution elasticities between inputs combined in knot v; in
production function for sector |

o (fj Substitution elasticities between pollution and abatement for

' environmental theme e in production function for sector |

g ;1’ Substitution elasticities between consumption goods combined in knot

V4 in utility function for consumer h (within same time period)

Ocn Substitution  elasticities between pollution and abatement for
environmental theme e in utility function for consumer h

o Et" Intertemporal substitution elasticities in utility function for consumer h
(between time periods)

Variables

Symbol  Description

Y Production quantity of sector j in period t
YJ:D“ Demand for input jj by sector j in period t
L it Labour demand by sector j in period t
Kt Capital demand by sector j in period t
I it Investment originating in sector j in period t
I hi Investment by consumer hin period t
M, (Net) profitsin sector j in period t (equal to zero)
Eg it ‘Unabatable’ emissions of environmental theme e by sector j in period t
Eefj 1 ‘Abatable’ emissions of environmental theme e by sector j in period t
A, it Investment in abatement of environmental theme e by sector j in period
t
{ note that i Ae’j’t = Y,fj’t }
&=
ESe’ it Emission services of environmental theme e by sector j in period t

Eght ‘Unabatable’ emissions of environmental theme e by consumer h in
o period t

ht Abatable’ emissions of environmental theme e by consumer h in
o period t
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A

Investment in abatement of environmental theme e by consumer h in
period t

E
{note that Z A =Cupnil

Emission services of environmental theme e by consumer h in period t
Welfare level of consumer hin period t

Tota welfare of consumer h over al periods

Consumption of good j by consumer hin period t

Savings by consumer hiin period t

Capital supply by consumer h in period t (in ‘flow’ terms. capita
services)

Equilibrium market price of good j (including A) in period t
Equilibrium market rental price of capital in period t
Equilibrium market wage rate in period t

Equilibrium market price of pollution permits for environmental theme
einperiod t

Equilibrium price of the ‘utility good’ (consumption bundle)

Endogenous change in existing tax rates to offset government income
from sale of pollution permitsin period t

Endogenous change in lumpsum transfers to offset government income
from sale of pollution permitsin period t

Taxrev,, Endogenous tax revenues for consumer h in period t (only nonzero for

" Government)

The zero profit constraint for all modeled outputs requires that the after tax revenue for the output is equal
to the total costs of al primary inputs, fixed intermediate inputs, energy sectors, abatement
expenditure(Equation 2).

0=

)

J
nj,t = pj,t wj,t - (1+Tjj,j) Epjj,t |y];DJt _(1+TA,j) EpA,t w/-l\!Dj,t
=

E
_(1+T|_,j) EpL,t D]-j,t _(1+TK,j)|]K,t DKj,t - Z Pe.t |:IEe,j,t

for each (j,1)

Emission is treated here as a joint product along with other ordinary goods. Emission output is produced
emission input less abatement. Thus, emission out is an unabated residual and magnitude of emission

20
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abated is dependent upon abatement activity. Pollution is generated through production activities as well as
consumption activities such that emission services

Production functions are defined for goods and consumption agents, household and government(Equations
3and 4).

ES., =CES(E;,,,.CES(E.,, A 1:02,):0¢;) for each (ejt), with o =0
3
ES.,. =CES(Eg,.,CES(ES, s AniiTen)iOen for each (eht) , with ol =0
(4)

In energy sector, autonomous technology in abatement is generally expected defined as a ratio of emission
generated to goods produced, which can be called emission intensity. The model employs a parameter
called autonomous pollution efficiency improvement (apei) assumed equal across all agents(Equations 5-8).

EX /Y ea) = A—ape, ) I{EL /Y, ) forexch(ejt)  (5)

(

(EY, n/Y, 1) = -apei,,.) {EY,, /Y,,) foreach(ej) ()
(B /M) = @ -apei,,.) EZ, W, ) foreach(eht)  (7)
(

Evea/ Wi ) = A—apéi,,..) [{EY,, W, ) foreach(eht) (8)

Emission service function takes a CES function with nesting CES to choose cost-effective way to decide
how much to abate and how much to pay for emission. Again, in order to fulfill this intention, an
environmental service function needs to be specified.

Consumers maximize their utility subject to budget constraints. Consumption utility is composed of market
goods and environmental services here emission residual for individual period(Equation 9). The aggregate
utility over whole period in concern is for aso CES type with inter-temporal substitution
elagticities(Equation 10). Budget constraints are concerned at income-expenditure balance for each
period(Equation 11) and the expenditure-income for the total period is givenin Equation 12.

W,, =CES(C,,,,-+Cy s ES pires ESc i3 Opreees O3 ) for each (h,t)
)
U, =CESW,,,...W,;0:") foreachh (10)
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J E

pm W,, = Z(1+Tj,h [dr,) Epj,t [Cj,h,t + Pa A * Z Per Eeny for each (h,t)
1= €=

(11)

T

w o Kh,l T _ _
Z pn,t N\A,t + pr(,T |:IKh,T - (1 Tin mt) m&,l EI(@ + ;(1 Tih mt) m,t Dlh,t

=
+ 'S p&t [Ee‘h,t - S Tfl;s |ﬂtl-s-i_ S Ta)m,h,t
&P gt g

for each h

(12)

In this model, government budget is fixed regardless of revenue change due to sale of pollution permits. It
is carried out by introduction of two instruments: @, , Endogenous change in existing tax rates to offset

government income from sale of pollution permitsin period t and

atLS, Endogenous change in lumpsum transfers to offset government income from sale of pollution
permitsin period t.
The capital stock in period t equals to the capita stock at the start of the previous period less deprecation

plus investment in the previous period(Equation 13). The terminal condition on capital follows a
transversality condition(Equation 14). Changes in population are treated exogenous(Equation 15).

Px: = (1_6K) Py t+1 Tt for each t (13)
H H

Z Kh,T =@+ gL) E'Z Kh,T—l (14)
Ly = Lp, [0+ g,) for each (hyt) (15)

Government expenditure is defined that changes in government expenditure for each period is identical to
that of private household(Equation 16).

H
Z Wprivatehowehol ds',t
h=

government',t __ h#'gov.'

H
government',0
Z W privatehouseholds',0
h=

h#'gov.’

W,
W,

determines a, and a°  (16)

Conventional approach is applied to the market clearance rules for goods, capital, labor, pollution permits,
and savings-investment (Equations 17-21).
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H
Y, = ZYjI’D” . +YJ."[}\,t +l ;ij for each G.0); determines e
J]= =

(17)
J H
Ko+ Ka = Z K, foreacht; determinesr,, (18)
IE =
J H
Z L +La = Z L., foreacht; determines p,, (19)
& =

J J H H

ES.+SYEN +E), +EA +SEL S EA =Y E, for each (ep)
JZ L)t ]Z L)t VAL AL ; .ht ; ,h,t ,h,t
(20)

determines p,, .

H J
ZS“ = Z p; O, foreacht (22)
= &

3.5 The policy alternatives

The models as specified above are employed to analyse greenhouse gas mitigation portfolios in terms of
timing and magnitude: It compares economic consequences of GHG reduction schemes with changes in
“when and how much”. These scenarios are not based on actual climate change policy in Korea. They are
just numerical example, chosen to give insight into the dynamic workings of the model specifications.
Note that under simulation approach like current study, more attention is paid into results of individual
scenario, rather than making comparison and giving priority among policies. Each scenario is viewed
separatein policy analysis.

Two types of scenarios are selected for the simulations. The first type is to follow United Nations
Framework of Climate Change Convention (UNFCCC) commitment period schemes, whose is five year
term starting from years 2008 through 2022. We have set arbitrary five mitigation portfolios. The common
structure of the schemes are to keep business-as-usual (BAU) emission until starting the commitment
period then reduce certain percentage of BAU level, keep the fixed level of 2000 after the end of
commitment.

Scenario 8-12 30 : Keep BAU level for 2000-2007, then 30% reduction of BAU for 2008-2012 and fixed
level of 2000 after 2012.

Scenario 13-17_30: Keep BAU level for 2000-2012, then 30% reduction of BAU for 2013-2017 and fixed
level of 2000 after 2017.

Scenario 18-22_30 : Keep BAU level for 2000-2017, then 30% reduction of BAU for 2018-2022 and fixed
level of 2000 after 2022.

Scenario 13-17 40 : Keep BAU level for 2000-2012, then 40% reduction of BAU for 2013-2017 and fixed
level of 2000 after 2017.
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Scenario 18-22 50 : Keep BAU level for 2000-2017, then 30% reduction of BAU for 2018-2022 and fixed
level of 2000 after 2022.

Figure 2 illustrates reduction path required for the first type during whole period 2000-2100 and figure 3
for 2000-2030. Since from 2023 through 2100 the emission level is fixed at 2000 level, the percentage
reduction compared to BAU isincreasing up to almost 100 percent in 100 years from 2000.
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Figure 2. Required emission reductionsin the simulations- The first type(2000-2100)
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Figure 3. Required emission reductionsin the simulations- The first type(2000-2030)

While the above five scenarios are simulated just on differentiating  timing and amounts of emission
reduction for each commitment period, the second type of reduction plans assume same period and same
amount in GHG reduction options then compare results of changes according to the way that the society
takes action in order to fulfil the commitment. The period in concern is for 10 years 2013-2022, which
covers the 2™ and 3" commitment period. The amount to be allowed to emit the pollutions is 11 units
during 10 years. Unlike the first mitigation type, a society is free to alocate mitigation timing and amounts
as long as 11 units emitted during 10 years. It assumed that al three schemes are ruled by keeping BAU
level for 2000-2012 and after the given commitment period 80 percentage of emission compared to 2000 is
enforced for the remaining periods.

The first scenario adopted here is to keep BAU for 2000-2012 then shares the emission permits even
during the 2013-2022, and fixed at 80 percentage of 2000 level from 2023. It is called ‘equal strategy’.

The second oneisto emit pollution in linearly decreasing manner so as to secure given 11 unit of emission.
Itiscalled ‘smooth strategy.’
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The third one is to apply to keep 2012 level until 2017 then emission is linearly decreasing. It is called

‘sudden strategy.’

Figures 4 and 5 illustrate reduction paths for 2000-2100 and 2000-2030, respectively.
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Figure 4. Required emission reductionsin the simulations-The second type(2000-2100)

Figure 5. Required emission reductionsin the simulations- The second type(2000-2030)
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V. RESULTS

The proto-type model here assumes forward-looking behaviour of the consumers. households maximise
the total present value of all current and future consumption. Consequently, the model is solved for al
periods together and the growth path in the periods between the initial steady-state equilibrium and the new
equilibrium is endogenously determined.

The GDP changesin the first types of simulation give a good example that a society’s economic decisionis
based on the future foresight (figures 6 and 7). Since the society knows the information that in the future
there will be enforced reduction of pollution emission implying increase in the prices, they consume more
now before the prices go up. Then it results in GDP increases until the mandatory reduction takes place. It
appliesto al five cases. What the society consumes more compared to BAU means the future consumption
of society is borrowed. Note that in the forward-looking model economic resources are free to move
between the whole periods. The primary reason for the increase in the present GDP is of course relevant to
a discounting rate. From sustainability perspective, it can be interpreted that the consumption of current
generation is closely related to sacrifice of the future generation. It is about middle of the period around
after 2050 that the GDP keeps falling down and turn upward (figure 6). With focusing on 2000-2030,
figure 7 zooms in the trends of the GDPs.
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Figure 6. Resultsfor GDP changesin mitigation schemes- Thefirst type(2000-2100)
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Figure 7. Resultsfor GDP changesin mitigation schemes-Thefirst type(2000-2030)
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Compared to a recursive-dynamic model, it is expected that the forward-looking behaviour will lead to a
more ‘smooth’ development of economic growth and utility, as consumers anticipate on reductions in the
number of pollution permits allowed in later periods (for empirical results see Dellink, 2000).

As previously described, the second type of policy scenarios assumes that the amounts of emission for all
three cases are identical. With this framework, main purpose of the scenarios adopted here is to compare
consequences of mitigation strategies relevant to the way of reduction; equal reduction, smooth reduction,
and sudden reduction. Figures 8 and 9 show the GDP changes for 2000-2100 and 2000-2030, respectively.
The figures indicate that a society’s GDP in al cases increases until the reduction starts to be effective then
falls when reduction takes place. Of particular interest is to compare GDP change paths. Until the middle
period year 2019, the magnitude of GDP decrease is larger in order of “equal strategy”, “smooth strategy”,
and “sudden strategy.” After then, the orders are reversed by “sudden strategy”, “smooth strategy”, and
“equal strategy.” The paths of three cases are similar at those of reductions (see Figure 8, 9), since GDP is
closely related with reduction policy implemented.

The economic interpretation is that consumers know in advance that environmental policy will be stricter
in a certain time, and they react by increasing current consumption in the early periods. Due to the time
preference, this has a relatively large positive influence on total economic utility (which is optimised in
this model).
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Figure 8. Resultsfor GDP changesin mitigation schemes-The second type(2000-2100)

Figure 9. Resultsfor GDP changesin mitigation schemes-The second type(2000-2030)

Change in GDP(2000~2030)

—e—D_13-22_EQ

y \q v\\ —=—D_13-22_SD
05 D_13-22_SM

BAU
S
>
7

Percentage Reduction Compared to
=
[ ]




28 Economy and Environment in Dynamic CGE

Naturally, this can only be achieved by decreasing their savings and hence decreasing investments. Thisis
reflected by a lower interest rate in the early periods. Then, immediately following the high consumption
levels in the early periods, the savings/investment level increases rapidly, accompanied by lower
consumption levels. These high investment levels are needed to assure long-term growth of the economy
and are induced by the low price of capital (the low interest rate). The combined effects of the changesin
consumption and investment levels govern the changes in GDP.

Following general analysis of the model results, we focus on what has driven such changes with a focus on
linkages of GDP, prices, outputs, and others. First, of specia interest is the relation between output
changes. The simulation results revea that due to delimit to emission, dirty energy sector Y2 shares the
largest burden as expected. The outputs decrease for awhole period. While due to infinite substitution with
dirty energy, clean energy Y 3 increases for a while then decreases also but in less degree than dirty energy
sector. The reason for the output contract is responsible of decrease in GDP. Among others, decrease of Y1
and consumption sectors have caused both energy sectors to reduce outputs. Abatement sector YA
may include direct and indirect activities as long as they are related at emission reduction. They, for
instance, are to cover pollution mitigation equipment and energy efficiency devices. In this model, no taxes
on labour and capital utilized for the sector, thisis a strong assumption. The underlying interpretation for
this is the environmental industry sector is free of government fiscal policy: No taxes are imposed on the
sector. In dynamic sense, this assumption is beneficia or not to the sector. When government reaps more
revenue from selling the pollution permits, the tax rates on the primary inputs labour and capital are
automatically reduced. Note that in this model, we assume endogenous tax rate. That is, when tax rate goes
down implying decrease in production cost, it means relative costs with the abatement sector are reduced,
inviceversa.

The particular point of the model is the introduction of pollution permits and abatement sector. With this
structure, polluting agents here Y1, Y2 and private household (see Tables 6 and 7) choose whether to pay
pollution tax or spend resources on abatement in a way the society is to meet a target designated. Keep in
mind that the alocation of reduction is decided through least cost effective way from a society perspective.
Aswe areinterest in individual sector dimension, we might put constraints on the sector in concern, then it,
however, does not guarantee efficient mitigation points.

In this model, abatement prices and pollution rates indicate relative prices in each period divided by private
welfare index (see Appendix II: GAMS code for details). The results show that abatement cost is
decreasing while endogenous pollution tax isincreasing (figures 10-13). No changes in pollution taxes take
place during BAU and the rates go up suddenly when reduction options take place and keeps increasing.
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Figure 11. Pollution tax rate changes-The second type(2000-2030)
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Change in Prices(PA, 2000~2030)
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Figure 13. Changesin unit abatement cost- The second type (2000-2030)

The abatement cost increases until the beginning of the reduction then goes down in a large degree and
recovers the price increase very slowly and starts to decrease. In this model total output of pollution permit
“goods’ is set exogenously according to a policy goal such that relative prices of permit which is
equivalent to pollution tax rates, goes up when supply of permits decrease. Keep in mind that BAU implies
that the economy isin equilibrium. The prices suddenly go up with implementation of reduction policy and
measures and shows proportional paths to reduction schemes. The sudden change is related to the
following reasons. First, no banking system is assumed in this model. If we introduce the banking system
here, the degree of price changes might be different under the current forward-looking framework. Second,
as emission levels are capped to 2000 level after the policy period, the amounts of pollution that a society
has to reduce keeps increasing over time. The BAU assumes emission increases following economic
growth less autonomous pollution efficiency improvement.

Welfar e measur ement

To analyse the economic impacts of various policies, better performance indicators than GDP levels are
wanted. Welfare changes are an obvious candidate for performance anaysis. if tota welfare in the
economy improves, the policy is socialy beneficial. The changes in welfare can in practice not be
measured directly, as utility cannot be measured (or at least not in a cardina sense). Therefore,
approximations of welfare changes like Marshallian consumer surplus are often used to evaluate policies
(see Varian, 1992); these approximating indicators contain both an income and substitution effect of the
policy, while the exact welfare change is given only by the substitution effect.

In a computable general equilibrium framework, using the specification of the utility function, some exact
measures of welfare changes can be calculated (because the characteristics of both the old and new
equilibria can exactly be caculated). The mostly used indicator for welfare changes is the sum (over
consumers) of the present values of egquivalent variations (see for example Shoven and Whalley, 1992).
The Equivalent Variation (EV) of a policy is defined as the change in income, with prices remaining at
their old levels, that would be equivalent to the proposed price change, in terms of its welfare impact on
the consumer. In formula, for one consumer and one good, the EV can be written as

EV = (Q™ -Q%) P, where Q™ and Q%? are the new and old quantities (or real income),
respectively, and P°% s the old equilibrium price.
An alternative to the EV is provided by the Compensation Variation (CV) measure. The CV of achangein

a price measures the change in income at the new level of prices that would keep the consumer at the old
level of welfare (in other words: the income change that would compensate for the price change). In
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formula, again for one consumer and one good, and using similar notation: CV = (Q"™ — Q%) [P™" .

Both concepts originated in Hicks (1939) and they both give an exact measure of the welfare change. till,
they will almost always differ, as the prices used in the calculations differ (thisis even more prominent in a
multi-goods case). Thereis no objective preference for either of both measures.

In the multi-sectoral dynamic CGE model, these concepts of Equivalent Variation and Compensating
Variation can both be calculated. The model specification uses a fictitious production sector (the Welfare
producer) that produces ‘utility goods using the consumption goods as inputs. The consumers then
demand not the consumption goods themselves, but rather the utility good. Note that the utility function in
effect becomes a production function; the utility function actually used in the model is confined to the
consumption of the utility good. This set-up has no impacts on the model results, as it is perfectly similar
to a set-up where consumer directly demand consumption goods. The main advantage of the set-up is that
real welfare changes of the consumer can directly be read from the model asthe real changesin the welfare
producer. In technical terms: the left-hand side of the income balance equation is part of the welfare
production sector, whose income is made up of selling the ‘ utility goods’, while the right-hand side of the
income balance equation belongs to the consumer, who spends it on buying utility goods. The EV and CV
of the policies can be derived directly from the change in activity of the welfare producer, using the old-
equilibrium and new-equilibrium price of the ‘ utility goods' as the price index.

In the analyses above, damages by poor environmental quality on the economic system and on welfare are
not taken into account. The environmental sub-model is purely represented by the pollution levels and
abatement activities. The absence of environmental quality in the utility function has a major consequence:
the utility function is no longer a good measure of welfare. The welfare measurement is confined to the
economic sources of welfare: consumption. However, in reality, welfare also depends on other issues, like
environmental quality. Environmental policy will in general lead to a lower level of consumption and
hence a downward pressure on welfare. This represents the economic costs of environmental policy. On
the other hand, the impacts of environmental policy on environmenta quality will be positive. This higher
environmental quality is not captured in the proto-type models, and the ‘environmental sources’ of welfare
cannot be taken into account as this would entail a valuation of environmental quality in money terms.
Such valuations are not broadly available.

Instead of confining the analysis to the economic sources of welfare, one could attempt to augment the
models to include environmental welfare effects. These environmental welfare effects should at least
include a damage function (negative impacts of low environmental quality on the availability of economic
goods) and the amenity value of environmental quality (high environmental quality induces welfare per se,
even without the use of the environment in the economic process).

In an empirical study, it would seem too ambitious to include environmental damages and the amenity
value of environmental quality. However, in the proto-type models it is possible to add the most relevant
theoretical augmentations needed. Thisis however beyond the scope of the current paper.

Consequently, the models described above are incapable of studying true welfare effects, and must be
confined to the economic indicators of utility change, the Equivalent Variation and Compensating
Variation, based on the development household income. The results are presented in Table 9.
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Table 9. Policy evaluation criteria

\EV_TOTAL D EMIS30 |D_EMIS
First Type
8-12 30 -0.476 18.403 524.906
13-17_30 -0.439 15.927 522.431
18-22 30 -0.394 12.261 518.765
13-17_40 -0.451 16.707 523.211
18-22 50 -0.417 14.069 520.573
Second Type
13-22 EQ -0.498 16.985 537.489
13-22 SM -0.498 16.985 537.489
13-22 SD -0.502 16.985 537.489

The EV_TOTAL indicates Equivalent Variation summed over whole period 2000-2100(see for detailed
definition, GAMS code in appendix). Comparing scenarios 8-12_30 (reduction takes place 2008-2012 with
30% BAU) with 13-17_40 (2013-2017 with 40% BAU) or 18-22 50 (2018-2022 with 50% BAU) are
typical subject of simulation. The second (D_EMIS-30: reduction total 2000-2030) and third terms
(D_EMIS: reduction total 2000-2100) indicate amounts of emission reduced by implementing policy
alternatives.

The second type reveals interesting points in that reduction strategy with “equal” and “smooth” fashion
reveals the same results but both cases bring about less cost “sudden” way. Here, the reduction amounts for
the three cases are same by definition: we assumed 11 units of emission is allowed during 2013-2022.
More in-depth analysis will be required to give explanations on the resuilts.
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V. CONCLUSION

This study addresses on interactions of economy and environment in a perfect foresight dynamic
computable (or applied) general equilibrium (CGE) with a focus on greenhouse gas (GHG) mitigation
strategy in Korea. The primary goa of this study is to evaluate greenhouse gas mitigation portfolios of
changes in timing and magnitude with a particular focus on developing a methodology to integrate the
bottom-up information on technical measures to reduce pollution (the characteristics of the abatement
techniques) into a top-down multi-sectoral computable general equilibrium framework. To this end, a
dynamic computable general equilibrium model is constructed including pollution and abatement as a
proto-type of the model.

The CGE model is kept relatively simple, to allow maximum focus on the dynamic interactions between
economy and environment. The model describes a national economy with three ordinary production
sectors, one abatement sector and two consumer groups (in the current model version, there is no
international trade). The two primary production factors are capital and labour.

Pollution is controlled by the government through a system of tradable ‘pollution rights’, which the
producers and consumers can buy from the government. Producers and consumers have the endogenous
choice between paying for their pollution by buying pollution rights or spending resources on pollution
abatement activity, and will always choose the least-cost of the two.

The abatement cost curves, which describe the marginal abatement costs, are translated for each producer /
consumer and environmental theme into an ‘iso-output curve’ of pollution and abatement, i.e. the
abatement possibilities are presented as a function of pollution (a downward sloping curve). Then, a
constant elasticity substitution (CES) function is calibrated to best fit the iso-output curve, and the CES-
elasticity thus estimated describes the sector- and environmental theme-specific possibilities to substitute
between pollution and abatement.

It should be noted that the model provides insight into the least costs of achieving a predetermined
environmental policy objective, but cannot calculate the optimal rate of pollution control, as the damages
caused by pollution are not taken into account.

A conclusion that can be drawn from the analysis is that the dynamic specification of the model is highly
relevant. Not only are the numerical results influenced significantly by the model specification, the main
interactions between economy and ecology can also be better specified in a dynamic context. Even with a
simple specification of the abatement sector, there are dynamic interactions that influence the costs of
abatement for the polluters, the price of the pollution permits and the economic impacts of the
environmental policy.

The primary findings from the numerical examples are as follows:

The gross domestic product (GDP) changes in the first types of simulation is consistent with a foreword
looking framework adopted for the model, implying that a society’s economic decision is based on the
future foresight. Since the society knows the information that in the future there will be enforced reduction
of pollution emission, they consume more now before the prices go up, resulting in GDP increases until the
mandatory reduction takes place.

For the second type of policy scenarios assuming the amounts of emission for al three cases are identical,
the results indicate that a society’s GDPs in al cases increase until the reduction starts to be effective then
it falls when reduction takes place. Of particular interest is to compare GDP change paths. Until the middle
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period year 2019, the magnitude of GDP falls are larger in order of “equal strategy”, “smooth strategy”,
and “sudden strategy.” After then, the orders are reversed by “sudden strategy”, “smooth strategy”, and
“equal strategy.” The paths of three cases are similar at those of reductions, since GDP is closely related
with reduction policy implemented. The economic interpretation is that consumers know that
environmental policy will be stricter in a particular time, and they react by increasing current consumption
in the early periods. Due to the time preference, this has a relatively large positive influence on total
economic utility which is optimised in this model.

The simulation results revea that due to delimit to emission, dirty energy sector Y2 shares the largest
burden as expected. The outputs decrease for a whole period. While due to infinite substitution with dirty
energy, output of clean energy sector Y 3 increases for a while then decreases also but in less degree than
dirty energy sector. The reason for the output contract is responsible for decrease in GDP. Among others,
the decreases of Y1 and consumption sectors have caused both energy sectors to reduce the outputs.
Abatement sector YA may include direct and indirect activities as long as they are related at emission
reduction. They, for instance, are to cover pollution mitigation equipment and energy efficiency devices. In
this model, no taxes on labour and capital utilized for the sector, this is a strong assumption. The
underlying interpretation for this is the environmental industry sector is free of government fiscal policy:
No taxes are imposed on the sector. In dynamic sense, this assumption is beneficial or not to the sector.
When government reaps more revenue from selling the pollution permits, the tax rates on the primary
inputs labour and capital are automatically reduced. Note that in this model, we assume endogenous tax
rate. That is, when tax rate goes down implying decrease in production cost, it means relative costs with
the abatement sector are reduced, in vice versa.

The particular point of the model is the introduction of pollution permits and abatement sector. With this
structure, polluting agents here Y 1, Y 2 and private household choose whether to pay pollution tax or spend
resources on abatement in away the society isto meet atarget predetermined. In this model, the abatement
cost is decreasing while endogenous pollution tax is increasing. No changes in pollution taxes during
business-as-usual (BAU) and the rates go up suddenly when reduction options take place and keeps
increasing. The abatement cost increases until the beginning of the reduction then goes down in a large
degree and recovers the prices increase very slowly and starts decreases. In this model total output of
pollution permit “goods’ is set exogenously according to a policy goal such that relative prices of permit
which is equivalent to pollution tax rates, goes up when supply of permits decrease. The prices suddenly
go up with implementation of reduction and shows proportional paths to reduction schemes. The sudden
change is related to first, no banking system is assumed in this model and second, as emission levels are
capped to 2000 level after the policy period, the amounts of pollution that a society has to reduce keeps
increasing over time.

The magnitude of equivalent variations (EVs) for the second type indicates that reduction strategy with
equal and smooth fashion reveals the same results but both cases bring about less cost “ sudden” way. Here,
the reduction amounts for the three cases are same by definition: we assumed 11 units of emission is
allowed during 2013-2022. More in-depth analysis will be required to give explanations on the results.

For a policy design associated with GHG reduction plan, the problem are narrow downed “when,” “how
much”, and “how”. All three factors are interrelated in policy decision process. However, it can be said
that “when and how much “ to reduce is a main concern in international perspective, while “how” to
comply the given amounts of reduction in a certain timing way is more pertinent to domestic interest.

This study is to give answers to three policy design criteria in a simulation basis. The eight scenarios

employed here shed an informative light on policy design. As CGE is for in nature quantitative analysis,

the results give specific numbers associated with policies implemented with keeping economic theory. The

comparison of policy aternatives is possible through numerical iteration in a way to give best results for
34
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policy evaluation criteria such as EV. Based on the study results, we assert that sudden mitigation of GHGs
brings in more cost to the society: it is of “how” issue. In climate change issue, it is very difficult to find
out best solution to “how much and when,” let alone considering three factors simultaneously. There exist
strong assumptions and uncertainties required in order to set the model framework: Main components to be
considered include, among others, technology change, multi-country behaviour, and emission trading and
the prices. Therefore, it is in more redlity to set-up policy scenarios based on certain criteria such as
political feasibility, technical feasibility, international negotiation, and so forth. Then the model simulates
with the given sets of policy scenarios so as to enable to compare the results and find the best policy
among the scenarios.

The model presented here is a proto-type such that for the empirical analysis, some works are required.
Introduction of environmental components is one of them. In the present model, only amounts of emission
linked with economic activities are represented. Biophysical relationship of emission changes and the
corresponding impact on the economic sector is not specified in this model. From a perspective of
sustainability issue, the explicit representation of physical environment is of special importance. Aslong as
the current model is to keep CGE framework, it seems expected to make a choice of trade-off: Whether to
keep perfect foresight structure in disaggregated micro-sectors or to simplify economic sectors with
introduction of environmental module. As a background knowledge and process to model an interaction of
economy and environment, of particular points are how to integrate flow-based emission into stock-based
framework vis-a-vis environmental impact of short term and loca consegquences versus long term and
global ones. In economic sectors, it seems not much free from having strong assumptions adopted in the
proto-type model more realistic. Some critical points in concern are economic and population growth rate.
Currently the model assumes economic growth rates are identical among all economic sectors for the
whole period. Sector-specific and period specific growth assumption would bring out the model results
more acceptable. Population growth rate which is implicitly liked with productivity growth need to be
based on their own figures. Specific structure of the model will be dependent data availability and
possibility of obtaining model solutions.

In parallel to constructing a model, colleting data for the model is big constraint to be overcome. For Korea
study, official input-output data base of 1995 which was published by The Bank of Korea will be utilized
and other data such as elasticity values and capital stock will come from the previous studies. Forecasting
data on economic growth will be mainly dependent on studies by Korea Development Institute. Sensitivity
analysiswill be carried out with some significant input values.

Making policy scenarios in context of climate change issue is of another importance for the study. Because
this study takes simulation approach, designing realistic and feasible scenarios are critical and starting line
for the study. Taking among others, economic, political, social, international circumstances into
consideration would come to secure the policy chosen more socially acceptable.
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APPENDIX |. MATHEMATICAL REPRESENTATION OF THE FORWARD-LOOKING PROTO-TYPE
MODEL

-- GENERAL FORMULATION

Producers

Goods production functions:
Y, =CES(Y% .. Y)5 K, L ES 1o ESg 1307 ,es0)) fOr each (j t)°
(22)

Zero profit conditions:

J
Oznj,t = pj,’( |yj,t_ (1+T”,J)|:pjjt|y];DJt (1+TA,j)|:pAt |yAlet
1=

. for each (j,t)
_(1+TL,j) EpL,t D]‘j,t _(1+TK,j)|]K,t DKj,t - Z Pe.t [E
(23)

Environmental services ‘production’ functions:
ES,,. =CES(E,,.CES(E,\, A, ;;0%,);0¢;) foreach (ejt), with o} =0

et

(24)

ES, . = CES(Eg,.,CES(ES. s AniiTan)i0ss) foreach (eht), with oy =0
(25)

(E2j0/Y; ) = @—apei,.,) {EL  /Y,,) foreach(ejt) (26)
(Y, /Y 1n) = A-apei,, ) {EY,, /Y,, ) foreach(ejt) (27)
(E. m/wm) (1—apde,t+1)EQE:h,t M) for each (ehyt) (28)
(

EVen/Whi) = (L-ape,, ) [{EY, /W, ) for each (ehyt) (29)

® Asusual, ‘..." isused to indicate all items within the range as given by the items listed before and after.

A general nested CES production function with for example 4 inputs and 2 levels can be written as:

Y = (@ X+ @Xo + asXa) P and  Xgy = (agXa+ aXe¥) ¥ for some parameters ay, @y, ass, as, as, Where p=(0-1)/c
and Y=(¢-1)/¢. A convenient notation is: Y = CES(X;, X5, Xas; 0); Xas = CES(Xz, X4; ).
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FORMULATION

Consumers
Utility functions:
W,, =CES(C,,,,,--+Cy 1, ES pir- ESc i1 Opven 0y ) fOr €aCh (D)1)
(30)
U, =CESW,,,...W,,;0.") foreachh (31)
Income bal ances — expenditures side:
J E
px\,lt th,t = Z(1+Tj,h |ﬁrt) Epj,t |:q:j,h,t + pA,t m\e,h,t + Z pe,t |:IEe,h,t for eaCh (h!t)
1= €=
(32)

Income balances — income side:

antm\At"'pm[KhT_ @- TLhm)Dhm Z(l T,(d)0p, Dlht

+5Y e B - S0+ TaRey,
>3 ; >

Capital accumulation (as the volume of capital isfree, the equation iswritten for the
associated prices):
Pr: = (@=0k) Py sy T, foreacht (34)

for each h

(33)

Terminal condition on capital (transversality condition):
H H
Z Knr =@+9,) E'Z Knta (35)

Demographic devel opments:
Ly = Ly, 0L+ 9,) for each (n.) (36)

Rule for development in government expenditures:

H
Z Wprivatehowehol ds',t

government',t h¢ gov

government',0
Z anvatehouseholds 0

h¢ gov.'

W,

determines a, and a°  (37)
W t t

Market clearance

Goods markets balance:

H
Y, = YID +Y 0 chmfor each (j,t); determines p,, (38)

It
1=
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Capital markets balance:

3 H_
Z K Ky = Z K, foreacht; determines r,
& =

Labour markets balance;

J H
Z L, +La = Z L., foreacht; determines p,,
1= =

Pollution permits markets balance:

J J H H

U A U A U A
Z Ee,j,t + Z Ee,j,t + Ee,A,t + Ee,A,t + Z Ee,h,t + hz Ee,h,t
J: ]: = =

(41)

determines p,, .
Savings/investments balance:

isﬂﬁ - Z p; O, foreacht
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(39)

(40)

E... foreach (et)

(42)
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FORMULATION

¢ List of symbols

Indices

Label Entries Description

jandjj 1,...,J,A Production sectors, including Abatement producer (A)
j={ High-polluting sector, L ow-polluting sector,
Abatement producer}

h 1,....H Consumer groups

h={ Private households, Government}
e 1,....E Environmental themes

e={ Climate change, Acidification}
Vj 1,...,V; ‘CES-knots' in production functions

v={ Economic inputs, Environmental inputs, Production}

Vi 1,....Vy ‘CES-knots in utility functions
vi={ Goods, Environmental inputs, Consumption}

t 1,...,T Time periods
t={1998,1999,...,2030}

Parameters

Symbol  Description

g, Exogenous growth rate of labour supply

apei,, Autonomous pollution efficiency improvement; assumed equal
across al agents

Oy Depreciation rate

r Steady-state interest rate

| S Base level investments (calibrated to steady-state)

KS Base level capital stock (calibrated to steady-state)

L, Exogenous labour supply by consumer h in period t

Endowments of pollution permits for environmental theme e by

h . )
*M consumer hin period t

I Input share of good j for investments (by origin)
Ty | Tax rate on capital demand by sector |

T, Tax rate on labour demand by sector |

T, Tax rate on input of good jj by sector |

Tn Tax rate on consumption of good j by consumer h

Tax rate on the supply of capital by consumer h
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Symbol  Description

T, Tax rate on the supply of labour by consumer h
T#S Lumpsum transfer from government to consumer h,
H H
with erﬁs =0 and thhLS [ ° =0
T8 Lumpsum transfer from (excess) private households to the
subsi stence consumer
o’ Substitution elasticities between inputs combined in knot vy in
. production function for sector |
ol Substitution elasticities between pollution and abatement for
& environmental theme e in production function for sector j
o) Substitution elasticities between consumption goods combined
in knot v in utility function for consumer h (within same time
period)
ol Substitution elasticities between pollution and abatement for
' environmental theme ein utility function for consumer h
aﬁt“ Intertemporal substitution elasticitiesin utility function for
consumer h (between time periods)
Variables

Symbol  Description

Y,- . Production quantity of sector j in period t
YJjDJ : Demand for input jj by sector j in period t
L, Labour demand by sector j in period t
K. Capital demand by sector j in period t
s Investment originating in sector j in period t
L Investment by consumer hin period t
m,, (Net) profitsin sector j in period t (equal to zero)
EY. . ‘Unabatable’ emissions of environmental theme e by sector j in
ol period t
EX ‘Abatable’ emissions of environmental theme e by sector j in
ol period t
A, it Investment in abatement of environmental theme e by sector | in
v period t
E
{note that Z A =Yt
e=
ES Emission services of environmental theme e by sector | in

period t



APPENDIX |. MATHEMATICAL REPRESENTATION OF THE FORWARD-LOOKING PROTO-TYPE MODEL-- GENERAL
FORMULATION

Symbol  Description
EY ‘Unabatable’ emissions of environmental theme e by consumer
" hin period t
EA ‘Abatable’ emissions of environmental theme e by consumer h
e in period t
A Investment in abatement of environmental theme e by consumer
v hin period t
E
{ note that Z A ECant}
e=
ES... Emission services of environmental theme e by consumer hin
"7 periodt
W, , Welfare level of consumer hin period t
U, Total welfare of consumer h over all periods
C,— . Consumption of good j by consumer hin period t
S, Savings by consumer hin period t
K Capital supply by consumer hin periodt (in ‘flow’ terms:
ht capital services)
P, Equilibrium market price of good j (including A) in period t
M o Equilibrium market rental price of capital in period t
P Equilibrium market wage rate in period t
Pe. Equilibrium market price of pollution permits for environmental
' theme ein period t
vat Equilibrium price of the ‘utility good’ (consumption bundle)
a, Endogenous change in existing tax rates to offset government
income from sale of pollution permitsin period t
atLS Endogenous change in lumpsum transfers to offset government
income from sale of pollution permitsin period t
Taxrev,, Endogenous tax revenues for consumer hin period t (only

nonzero for Government)
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APPENDIX ||. GAM S CODE

$title Proto-type perfect-forsight dynamic CGE model

$ontext
For 2000 KEI project

"AN INTERACTION OF ECONOMY AND ENVIRONMENT IN DYNAMIC COMPUTABLE
GENERAL EQUILIBRIUM MODELLING WITH A FOCUS ON CLIMATE CHANGE ISSUE IN
KOREA : A PROTO-TYPE MODEL"

led by Seunghun JOH with assistant from Ms.Yunmi Nam. Thisis amodified version of Rob
Dellink(2000) whose is a co-author of the KEI project.

corresponding address: Seunghun Joh at shjoh@kei.re.kr;
Rob Dellink at Rob.Dellink@alg.shhk.wau.nl

$offtext
Pofflisting
$offsymxref

* option sol print=0ff;

file scherm /'con'/;

t time periods
/2000* 2100/
tpol(t) policy periods
/2000* 2030/
tf(t) first period
ti(t) last period
FJ  production inputs
LK, Y1, Y2)Y3 YA/
J(FJ)  production sectors
IYLY2Y3 YA/
Jz(J)  polluting industry
46



Yy
Jd(J)  dirty energy sector
Y2/
Jc(J)  clean energy sector
Y3/
JA(J)  only abatement sector
IYA/
F(FJ) primary production factors
/L labor,K capital/
E emission
/CLIMATE ,ACID/
H consumers
/PRIV Private households, GOVT Government/
runs  set of all model simulations
/BAU, 8-12 30, 13-17_30, 18-22_30,13-17_40,
18-22 50, 13-22_eq, 13-22_sm,13-22_sd/
baserun(runs) /BAU/

Alias (J,JG);
tf(t) = YES$(ORD(t) EQ 1);
tl(t) = YES$(ORD(t) EQ CARD(t));

Scalars
g Assumed growth rate /0.04/
delta  Assumed depreciation rate /0.07/
r Assumed interest rate 10.07/

apei  Assumed autonomous pollution efficiency
improvement /0.01/

thetat Budget share of model horizon in infinite-horizon

10 Base year investment (calibrated to steady-state)

KO Base year capital stock (calibrated to steady-state)

Parameters

APPENDIX |1 . GAMS CODE
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48 Economy and Environment in Dynamic CGE

modstat Indicator for solution found
ev Equivaent variation in income
evl  uncorrected ev inincome
ev2 Time specific income devel opment
ev3  Sumof ev2 over time
ev4  total ev based on ev3
check
gdp  Annual Gross Domestic Product
emis Total pollution
Demis Changein Emission compared to BAU
ab Sectoral abatement
prd Sectoral production
inputs  Sectoral inputs and consumption
invest Current investments

prices Equilibrium prices

RANKING POLICY EVALUTION CRITERIA

index(t) Index from zero to one

goa(t,E,runs)  Policy objective per simulation

SUSTAIN(E) Sustainable levels of pollution

tax(*,*) Tax on inputs by producers

taxIs(H) Lumpsum transfer between households

YBAR(J) Base level production

YEBAR(E,*) Baselevel fictituous output of pollution
permits

IDBAR(JG,J) Baselevel intermediate deliveries

FBAR(F,J) Base level factor use

EBAR Baselevel emissions

PBAR(*,*) Base level price of capital use

CBAR(JH) Base level consumption

WBAR(H) Base level welfare

ENDOW(*,H) Baselevel factor endowments

PERMITS(t,E,H) Level of pollution permits per
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household
SBAR(H) Base level savings (calibrated to steady-state)
INVSH(J) Base level input shares for investments
elas(*) Substitution elasticities

elas2(*) Substitution between pollution and abatement

elas3(*) Substitution between clean and dirty energy

sigma(H) Intertemporal substitution
cterm(H) Terminal consumption
ggrow(t) Exogenous reference growth rate for
quantities
pgrow(t) Exogenous reference growth rate for prices
egrow(t) Exogenous reference growth rate for pollution;
Table sam(*,*)

Y1 Y2 Y3 YA PRIV GOVT colsum

Y1 70 -21 -10 -22 -17 0 0
Y2 -9 160 -50 -3 -98 0 0
Y3 -18 -30 300 -2 -200 -50 0
YA -10 -30 -40 85 -5 0 0
L -5 -20 -57 -56 138 0 0
K -18 -47 -97 -2 64 O 0
tax| -5 -8 -16 0 0 29 0
taxk -5 -4 -30 0 0 39 0
taxls O 0 0 0 18 -18 0
rowsum O 0 0 0 0 0 0

TableY_DATA(*,J) Producer data
Y1 Y2 Y3 YA
INVSH 0.1 05 0.4 0

ELAS 1 1 1 1
ELAS2 14 14 14 0
ELAS3 +inf +inf +inf +inf

CLIMATE 010 060 000 O
ACID 010 050 000 O

APPENDIX |1 . GAMS CODE
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Table HH_DATA(*,H) Household data

PRIV GOVT
SAVSH 1 0
ELAS 1 0
ELAS2 14 14
ELAS3 +inf  +inf
SIGMA 0.5 0.5
CLIMATE 030 O
ACID 040 O

ENDOW(F,H) =SAM(FH);

KO = sum(H, ENDOW("K",H)) / (r + delta);
10 = (g + delta) * KO;
tax("K",J)$SAM("K",J) = SAM("taxk",J)/SAM("K",J);
tax("L",)$SAM("L",J) = SAM("taxI",J)/SAM("L",J);

tax(JG,J) =0;

YBAR(J) = SAM(J,J);
YEBAR(E,J) =Y_DATA(E,J);
YEBAR(E,H) =HH_DATA(E,H);
IDBAR(JG,J) = -SAM(JG,J);
IDBAR(J,J) =0;

FBAR(F,J) =-SAM(F,J);
EBAR(E,J) = YEBAR(E,J);
EBAR(E,H) = YEBAR(E,H);
ENDOW(E,"govt") = sum(J, EBAR(E,J))+sum(H, EBAR(E,H));
PERMITS(t,E,H) = ENDOW(E,H);
PBAR(FJJ) =1+ tax(FJJ);

PBAR(FJh) =1+ tax(FJh);

INVSH(J) =Y _DATA('INVSH" J);

SBAR(H) = HH_DATA("SAVSH",H)*I0;
CBAR(JH)  =-SAM(JH) - INVSH(J)* SBAR(H);
WBAR(H) = sum(J, CBAR(JH));

TAXLS(H)  =SAM("TAXLS' H);
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das(J) =Y _DATA("ELAS",J);
das2(J) = Y_DATA("ELAS2",J);

elas(H) = HH_DATA("ELAS' H);
elas2(H) = HH_DATA("ELAS2" H);
elas3(H) = HH_DATA("ELAS3" H);
sigma(H) = HH_DATA("SIGMA" H);
qgrow(t) = (1+g)**(ORD()-1);
pgrow(t) = (1+1)**(1-ORD(Y));
egrow(t) = (1+g-apei)**(ORD(1)-1);
thetat = 1-((1+g)/(1+r))** CARD(t);

SUSTAIN("CLIMATE")= 0.75*ENDOW("CLIMATE","govt");
SUSTAIN("ACID") = 0.75*ENDOW("ACID","govt");

display endow,k0,i0,invsh,yebar,ebar,permits,ybar,idbar,fbar,pbar,cbar,sbar,
wbar,tax,elas,elas?;
* Interrupt calculations if the steady-state is inconsistent:

Abort$(g gt r) "Error: growth rate exceeds interest rate?’, g, r;

L MPSGE - Begin of the Model

$model:FORSIGHT

$sectors:
Z(t,J) ! Adctivity levels of production sectors
W(t,H) ! Activity levels of welfare
K(t) I Capital stock

I(t) I Investments

$commodities:
p(t,J) ! Price of commodities
rk(t) ! Renta price of capital
pl(t) ! Wagerate

pe(t,E) ! Price of emissions

APPENDIX |1 . GAMS CODE
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pw(t,H)! Price of welfare prod
pk(t) ! Priceof capital assets
pkt I Terminal price of capital

$consumers:

CON(H) I Consumers
Sauxiliary:

kt I Terminal capital stock

endotax(t) ! Endogenous tax adjustment

endols(t) ! Endogenous lumpsum adjustment

$prod:Z(t,J) €0:0 el(e0):ELAS(J) e2(e0):ELAS2(J)
o:p(t,d) g:YBAR(J)
o:pe(t,E) g:(Y EBAR(E,J)* egrow(t)/qgrow(t))

i:p(t,JG)$(Jz(JG)) q:IDBAR(JG,J) p:pbar(JG,J) el:
i:p(t,JG)$(Id(JG)) q:IDBAR(IG,J) p:pbar(JG,J) €3:
i:p(t,JG)$(Xc(JG)) q:IDBAR(IG,J) p:pbar(JG,J) €3:
irk(t) :FBAR('K",J) aCON("GOVT")

n:endotax(t) m:tax("K",J)

+ p:pbar("K",J)  el:
i:pl(t) g:FBAR("l",J) aCON("GOVT") n:endotax(t)
+ p:pbar("L",J) el:
i:pe(t,E) 0:(EBAR(E,J)* egrow(t)/qgrow(t)) €2
i:p(t,JA) g:IDBAR(JA,J) p:pbar(JA,J) e2:
$prod:K (t)
o:pk(t+1) 0:(1-delta)
0: pkt$tl (t) g:(1-delta)
o:rk(t) g:(r+delta)
i:pk(t) g1
$prod:1(t)
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o:pk(t+1) g:1
0: pkt$tl(t) g:1
i:p(t,J) g:INVSH(J)
$prod:W(t,H) €0:0 el(e0):ELAS(H) €2(e0):ELAS2(H) t:0
o:pw(t,H) g:WBAR(H)
o:pe(t,E) g:(Y EBAR(E,H)* egrow(t)/qgrow(t))

i:p(t,JG)$not(JA(JG)) g:CBAR(JG,H) p:pgrow(t) el:
i:pe(t,E) g:(EBAR(E,H)* egrow(t)/qgrow(t)) p:pgrow(t) e2:
i:P(t,JA)q:CBAR(JA,H) p:pgrow(t) e2:

$demand: CON(H) s:sigma(H)
d:pw(t,H) g:(qgrow(t)* WBAR(H)) p:pgrow(t)
epl(t) g:(qgrow(t)* ENDOW("L",H))
epk(tf) g:(ENDOW("K",H)/(r+delta))
e:pkt g:(-SBAR(H)/10) r:kt
e:pe(t,E) o:PERMITS(t,E,H)
epw(t,"GOVT") q:(qgrow(t)* TAXLS(H)) r:endols(t)

$report:
v:U(H) w:CON(H)
v:Win(JG,t,H) i:p(t,JG) prod:W(t,H)

v:Zin(JG,t,J) i:p(t,JG) prod:Z(t,J)
vinv(t) o:pk(t) prod:1(t)
v:U2(t,H) o:pw(t,H) prod:W(t,H)
v:EMJ(t,E,J) i:pe(t,E) prod:Z(t,J)
V.EMH(t,E\H)  i:pe(t,E) prod:W(t,H)

V:ABATI(t,JA,)i:p(t,JA) prod:Z(t,J)

V:ABATH(t,JA,H) i:p(t,JA) prod:W(t,H)
VY (t,J) o:p(t,J) prod:Z(t,J)
$constraint:endotax(t)

W(t,"GOVT") =g= W(t,"PRIV");
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$constraint:endol s(t)
W(t,"PRIV") =g= 0.99999* W(t,"GOV T");

$constraint:kt
sum(tl(t), k(t) - (1+g)*k(t-1)) =e= 0;

$offtext

R MPSGE - End of the Model

$sysinclude mpsgeset forsight

endols.lo(t) = 1;

putclose scherm 'We are now starting the model simulations/;
forsight.workspace=15;

putclose scherm "'We are now starting the model simulations/;

*POLICY SCENARIOS; based on UNFCCC committment schedule,

* determine the number of permits per simulation:

goal (t,E,"BAU") = 0;

*8-12 30 :bau for 2000-2007, 30% reduction of bAU for 2008-2012, fixed at 2000 level from 2013
goal (t,E,"8-12_30")$(ord(t) le 8) = ENDOW(E,"GOVT")* egrow(t);

goal(t,E,"8-12_30")$(ord(t) ge 9 and ord(t) le 13) = 0.7*ENDOW(E,"GOVT")* egrow(t);

goal (t,E,"8-12_30")$(ord(t) ge 14) = ENDOW(E,"GOVT");

*13-17 30 :bau for 2000-2012, 30% reduction of bAU for 2013-2017, fixed at 2000 level from 2018
goal (t,E,"13-17_30")$(ord(t) le 13) = ENDOW(E,"GOVT")* egrow(t);

goal (t,E,"13-17_30")$(ord(t) ge 14 and ord(t) le 18) = 0.7*ENDOW(E,"GOVT")* egrow(t);

goal (t,E,"13-17_30")$(ord(t) ge 19) = ENDOW(E,"GOVT");

*18-22 30 :bau for 2000-2017, 30% reduction of bAU for 2018-2022, fixed at 2000 level from 2023
goal(t,E,"18-22_30")$(ord(t) le 18) = ENDOW(E,"GOVT")* egrow(t);

goal (t,E,"18-22_30")$(ord(t) ge 19 and ord(t) le 23) = 0.7*ENDOW(E,"GOVT")* egrow(t);

goal (t,E,"18-22_30")$(ord(t) ge 24) = ENDOW(E,"GOVT");
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*13-17_40 :bau for 2000-2012, 40% reduction of bAU for 2013-2017, fixed at 2000 level from 2018
goal(t,E,"13-17_40")$(ord(t) le 13) = ENDOW(E,"GOVT")* egrow(t);

goal(t,E,"13-17_40")$(ord(t) ge 14 and ord(t) le 18) = 0.6*ENDOW(E,"GOVT")* egrow(t);

goal (t,E,"13-17_40")$(ord(t) ge 19) = ENDOW(E,"GOVT");

*18-22 50 :bau for 2000-2017, 50% reduction of bAU for 2018-2022, fixed at 2000 level from 2023
goal (t,E,"18-22_50")$(ord(t) le 18) = ENDOW(E," GOV T")* egrow(t);

goal(t,E,"18-22_50")$(ord(t) ge 19 and ord(t) le 23) = 0.5*ENDOW(E,"GOVT")* egrow(t);

goal (t,E,"18-22_50")$(ord(t) ge 24) = ENDOW(E,"GOVT");

***within period strategy

*13-22 :BAU for 2000-2012,constant at 2000* 10* 1.1 for 2013-2022,fixed at 2000*0.9 level from 2023

goal(t,E,"13-22_eq")$(ord(t) le 13) = ENDOW(E,"GOVT")*egrow(t);
goal(t,E,"13-22_eq")$(ord(t) ge 14 and ord(t) le 23) = 1.1*ENDOW(E,"GOVT");

goal (t,E,"13-22_eq")$(ord(t) ge 24) = ENDOW(E,"GOVT")*0.8;

*goal(t,E,"13-22_eq")$(ord(t) ge 24) =0.9;

*13-22 :BAU for 2000-2012,linear decreasing (2013,1.426), to meet with area 11(=2000*10*1.1)
*for 2013-2022, (2022,0.774) st emission(2013-2022) =-0.0652* year + 1.426

*fixed at 2000*0.8 level from 2023

goal (t,E,"13-22_sm")$(ord(t) le 13) = ENDOW(E,"GOVT")* egrow(t);
goal (t,E,"13-22_sm")$(ord(t) ge 14 and ord(t) le 23)
= (-0.065* (ord(t)-13)+ 1.426)+0.315/10;
*here +(11-9.584)/10 is adjustment term
goal (t,E,"13-22_sm")$(ord(t) ge 24) = ENDOW(E,"GOVT")*0.8;

*13-22 :BAU for 2000-2012,at 2012 level till 2017 mid. of the committement period
*then linear decreasing (2017,1.426), to meet with area 11(=2000*10*1.1)

*for 2013-2022, area 2013-2017 is 7.130 then 11-7.130=3.870

* &t (2022,0.122) st emission(2013-2022) =-2.592*year + 1.426

*fixed at 2000* 0.8 level from 2023
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goal(t,E,"13-22_sd")$(ord(t) le 13) = ENDOW(E,"GOVT")* egrow(t);

goal (t,E,"13-22_sd")$(ord(t) gt 13 and ord(t) le 18) =ENDOW(E,"GOV T")* egrow('2012");
goal(t,E,"13-22_sd")$(ord(t) gt 18 and ord(t) le 23) =

(-0.1304* (ord(t)-18) + 1.426) - (12.304-11.001)/5;

goal (t,E,"13-22_sd")$(ord(t) gt 23) = ENDOW(E,"GOVT")*0.8;

LOOP(runs,
w.I(t,H) = ggrow(t);
zI(t,J) =qgrow(t);
k() =KO0O*qggrow(t);
i.I(ty  =10*qgrow(t);
pw.I(t,H) = pgrow(t);
pI(tJ) = pgrow(t);
rk.I(t) = pgrow(t);
pk.I(t) = pgrow(t)*(1+r);
pl.I(t) = pgrow(t);
pkt.  =sum(tl, pgrow(tl));
kt.l = KO*sum(tl, ggrow(tl))* (1+g);
pel(t,E) = pgrow(t);

endotax.|(t) = 1;

endols.I(t) = 1;
YEBAR(E,J)$(not(baserun(runs))) =0;

Y EBAR(E,H)$(not(baserun(runs))) =0;
PERMITS(t,E,"GOVT") = goal(t,E,runs);

forsight.iterlim = 20000;

$include forsight.gen

solve forsight using mcp;

IF (((forsight.modelstat <> 1) OR (forsight.solvestat <> 1)),
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modstat(runs) = 0;
putclose scherm 'We have NOT solved this', runs.tl, ' simulation !?/;
abort$(modstat(runs)=0) "Model NOT solved";
EL SE modstat(runs) = 1;
putclose scherm "We have succesfully solved this', runs.tl, ' simulation’/;
);
cterm(H) = sum(tl, w.I(tl,H)/ggrow(tl));
gdp(runs;t) =sum(H, U2.I(t,H))+i.I(t);

*CHECK GDP CHANGES COMPARED TO BAU
gdp('d_8-12_30',t)= 100* (gdp('8-12_30',t)/gdp('BAU',1)-1);
gdp('d_13-17_30',t)= 100* (gdp(‘13-17_30't)/gdp(BAU' t)-1);
gdp('d_18-22_30',t)= 100* (gdp(‘18-22_30't)/gdp(BAU' t)-1);
gdp(‘'d_13-17_40't)= 100*(gdp('13-17_40't)/gdp('BAU't)-1);
gdp(‘'d_18-22_50',t)= 100* (gdp('18-22_50',t)/gdp('BAU' t)-1);
gdp(‘'d_13-22 eq',t)= 100* (gdp('13-22_eq',t)/gdp('BAU" 1)-1);
gdp('d_13-22_sm',t)= 100* (gdp('13-22_sm',t)/gdp('BAU' t)-1);
gdp(‘'d_13-22_sd',t)= 100* (gdp(‘'13-22_sd',t)/gdp('BAU' 1)-1);

ev(runs,H) = 100* (( thetat* U.I(H)** (1-1/sigma(H))
+ (1-thetat)* cterm(H)** (1-L/sigma(H)) )**

(1/(1- Ysigma(H))) -1);
evl(runsH) = U.I(H);
ev2(runs;t,H)$(ord(t) It (card(tpol)+1))= U2.I(t,H)/WBAR(H);
ev2(runs,"tt",H) = sum(t, ev2(runs,t,h));
emis(runs,t,E)= sum(J, EMJ.I(t,E,J))+sum(H, EMH.I(t,E,H));
Demis(runs;t,'climate’) =

100* (emis(runs,t,'climate’)/emis('BAU' t,'climate’)-1);

* CHECK TOTAL AMOUNTS OF EMISSION REDUCED BY POLICIES IMPLEMENTED

emis(runs,'total_30',e) = sum(t, emis('bau’,t,e)$(ord(t) It (card(tpol)+1))) - sum(t, emis(runs, t,e)$(ord(t) It
(card(tpol)+1)));

emis(runs,'total’,e) = sum(t, emis('bau’,t,e)) - sum(t, emis(runs, t,€));
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emis(runs,'equal’,e) = sum(t, emis('bau’,t,e)$(ord(t) ge 14 and ord(t) le 23)) - sum(t, emis(runs, t,e)$(ord(t)
ge 14 and ord(t) le 23));

emis(runs,'emicheck’,e)= sum(t, emis(runs, t,e)$(ord(t) ge 14 and ord(t) le 23));

ab(runs;t,J) =sum(JA, ABATJII(t,JA,J);

ab(runst,H) =sum(JA, ABATH.I(t,JA,H));
prd(runsit,J) =VY.I(tJ);

inputs(runs,t,JG,J) =Zinl(JGt,J);
inputs(runs,t,JG,H) =Win.l(JG,t,H);
invest(runst)  =i.l(b);

gdp('d_13-22 sd',t) = 100* (gdp('13-22_sd',t)/gdp('BAU' 1)-1);

*prd("com",t,J) = 100* (prd(runs,t)/invest(‘bau’)-1);

*invest(runst) = 100* (invest(runs,t)/invest(‘bau’,t)-1);
prices(runs,t,"PW_PRIV") = pw.I(t,"PRIV");
prices(runs,t,"PK") = pk.I(t)/pw.I(t,"PRIV");
prices(runs,t,"RK") = rk.I(t)/pw.I(t,"PRIV");
prices(runs,t,"PA") = p.I(t,"YA")/pw.I(t,"PRIV");
prices(runst,"P_CLIMATE") =
pel(t,"CLIMATE")/pw.I(t,"PRIV");
prices(runs,t,"P_ACID") = pe.l(t," ACID")/pw.I(t,"PRIV");

RANKING(RUNS'EV_TOTAL') = EV(RUNS,PRIVY);
RANKING(RUNS'EV2_00-30") = EV2(RUNS"TT",'PRIV");
RANKING(RUNS,'D_EMIS-30") = MIS(RUNS,"TOTAL_30","CLIMATE");
RANKING(RUNS'D_EMIS) = EMIS(RUNS,"TOTAL","CLIMATE");

*RANKING(RUNS,'ev/D_EMIS)$(not baserun(runs)) =
RANKING(RUNS,EV_TOTAL")EMIS(RUNS,"TOTAL","CLIMATE");

abort$((forsight.objval gt 1.e-4)* (baserun(runs))) "Benchmark replication error! Largest error: ",
forsight.objval;

);
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$libinclude xldump GDP GDPchange.xls
$libinclude xldump prices PE& PA .xIs

$libinclude xldump emis emission.xls
* Findly, reproduce the solutions
display modstat, goal, gdp, ev, ev2, ab, prd, inputs, invest, prices RANKING, endow

emis, Demis;

************End Of the Model************
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