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Abstract

Most numerical studies analysing the costs and benefits of international CO2 emissions
abatement assume full cooperation by all countries and regions in the world. Based on the
experience from the 1992 Rio conference on the one side, and the theory of self-enforcing
agreements to restrict pollution among sovereign countries on the other, full cooperation will
probably not be the outcome of an international treaty on reducing CO2 emissions. In this study
we focus on coalitions and side payments in international CO2 treaties by answering questions
such as: Given the commitment of cooperation by a defmed group of countries, what is the
optimal policy of the group? What is the global loss of partial cooperation compared to full
cooperation (social optimum), and how is the optimal abatement level affected by the number of
countries committed to cooperate? The framework of the analysis is as follows. A group of
OECD countries have committed themselves to cooperate on the global warming problem.. The
coalition (or the cooperating countries) chooses emission levels and offer the non-cooperating
countries transfers if they restrict their emissions. The abatement and side payments made by the
coalition are chosen so that its intertemporal utility function is maximised. Compared to the social
optimum, limited participation implies a significant global loss. However, compared to doing
nothing, a treaty signed by a group of counties may be important. Side payments are an effective
policy instrument for making a limited treaty significant.
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1. INTRODUCTION

Abating CO2 emissions has two aspects. First, CO2 emissions are a by-product of production

activities that create goods for final demand. Thus, emitting CO2 creates income. Second,

accumulation of CO2 and other greenhouse gases (GHGs) in the atmosphere may have negative

effects in the future in the form of climate change. The negative external effects from CO 2

accumulation may harm all countries in the world and not only the emitting country. Thus, while

the benefits from CO2 emissions are immediate and directed towards the emitting country, the

costs will be worldwide and continue as long as the CO 2 remains in the atmosphere.

The two aspects of CO2 emissions abatement, i.e., the costs and the benefits, have been studied

numerically in several papers (see Nordhaus (1991a,b, 1992), Peck and Teisberg (1992),

Fankhauser and Kvemdokk (1992), Eyckmans et al. (1992), and Cline (1992a,b)). However, these

studies assume full cooperation by all countries in the world in an international CO 2 treaty, which

means that they calculate the socially efficient abatement of CO2 emissions.

Another strand of the literature concentrates on the possibility of limited participation in the

future CO 2 treaty (see Barrett (1990, 1991) and Carraro and Siniscalco (1991, 1992)). These

papers discuss, among other things, whether self-enforcing agreements to restrict pollution among

sovereign countries are possible, which means whether a coalition of cooperating countries can

be stable. A coalition is stable if no country, whether it is a part of the coalition or not, wants

to change its action given the actions of the other countries. According to numerical and

theoretical analyses, only a small number of countries are likely to join a stable coalition.

However, it is possible that the cooperating countries can expand the stable coalition through

self-financed utility transfers. They are interested in providing incentives for emissions reductions

in the non-cooperating countries, and side payments may be the right instrument to create this.

The side payments could be carried out by linking environmental policy to other economic

policies such as financial aid, trade policy, technology transfers, etc. Hence, such actions will

make the treaty broader by compensating the gains from "free riding" (enjoying the benefits of

reduced emissions without contributing to the reduction).

Full cooperation, as analysed by the first group of papers, may therefore not be the outcome of
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an international CO2 treaty without introducing side payments. Fankhauser and Kverndokk (1992)

argue that a socially optimal treaty may only be achieved if side payments are offered to at least

China and the countries of the former Soviet Union. They also conclude that the OECD countries

are the only countries with an incentive for internal cooperation and unilateral reductions. The

1992 conference in Rio confirms the latter conclusion, and it also was the opening for side

payments from the developed to the developing world as part of a future CO2 treaty.

In this paper we want to combine the two strands of literature by a numerical analysis of costs

and benefits under constrained CO2 treaties. By analysing different regimes of coalitions and side

payments, we want to study problems such as:

- Given the commitment of cooperation by a defined group of countries, what is the optimal

policy of the group (e.g., what are the side payments to other countries)?

- What is the global loss of partial cooperation compared to full cooperation (defined as the

social optimum)?

- How is the optimal abatement level affected by the number of countries committed to

cooperate?

The framework of such an analysis can be as follows. Following the arguments of Fankhauser

and Kverndokk (1992), a group of OECD countries has committed itself to cooperation on the

global warming problem. The problem is to find the optimal policy for this group. We assume

that the group is fixed throughout the analysis, although we do not analyse the problem of

stability (see above). Henceforth, the concept coalition is used only for this original group of

cooperating countries.

The cooperating countries (the coalition) choose their emissions and offer the non-cooperating

countries transfers if they restrict emissions to certain levels. The abatement in the non-

cooperating countries will reduce accumulation of CO2 in the atmosphere and therefore reduce

the global warming problem. The cooperating countries face two trade-offs: (1) increasing current

emissions increases current consumption possibilities but reduces prospective consumption due

to future climate change; (2) emissions reductions by non-cooperating countries reduce climate

change, which means higher prospective consumption for the cooperating counties, while giving

side payments in itself reduces their current consumption possibilities. The abatement and side
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payments made by the coalition are chosen so that its intertemporal utility function is maximised.

The constrained agreement is also compared to a treity with full cooperation (the social

optimum).

The paper is organised in the following way. In Section 2, the model is outlined. Section 3

describes the specific functions and data, while the simulation results are given in Section 4.

Some sensitivity analyses are provided in Section 5, and conclusions are summarised in Section

6.

2. THE MODEL

I is the set of cooperating countries (the coalition) and N is the set of all countries. The aim of

the coalition is to find the optimal time path of consumption over the planning horizon of

years. Thus, they trade off income against damage from CO2 emissions, as well as offer side

payments to non-cooperating countries, to find the optimal path of consumption over time. The

intertemporal utility function, W, is formalised in equation (1), where C(t) is the consumption

of the coalition at time t, UN is the total utility of the coalition, and p is a discount rate

representing pure time preferences.

W = ±(1+p) U[C(t)]
t.o

This intertemporal utility function will be maxirnised subject to several constraints. Consider first

the production of country n at time t, P(t), defined in the following way:

P n (t) = D.[T(t)]-Fn [en(t),;(t)] (2)

F [.] is production in the absence of the climate-feedback effect. It is a function of domestic CO 2

emissions, e(t), and a vector of exogenous technology variables at time t, zn(t). This income

function is increasing and concave in CO 2 emissions, ceteris paribus, and expresses the income

to a country under different CO2 emission levels. For further characteristics of this function, see
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Kvemdokk (1993) and Hoel (1992a).

The feedback from climate to production in country i, which is the damage from global warming,

is represented multiplicatively by D n[]:

0 5_ D.[T(t)] 5 1

D .[T(OA = 1

ap .[T(t)]

<aT(t) 

a2D n[T(t)] < o

aT(02

The multiplicative damage function is decreasing and concave in T(t), where T(t) is the increase

in the global mean temperature between preindustrial time (taken to be 1765) and time t. Hence

we assume convexity of damages with respect to temperature, where 1 - Dn[T(t)] is the relative

loss in income in country n at temperature increase T(t). Thus, as a simplification, the various

aspects of climate change are represented by this single variable. We set T(t) T, where the

value of T is specified to avoid negative production, i.e., Dn[.] >. 0, and thérefore P(t) 0 for

T(t) 5 T. The model is specified such that there is no loss at time 0 (defined as 1990).

The relation between temperature increase and emissions of CO2 can, in general, be described

in the following way:

T(t) = f[e(0),..., e(t); t]

e(s) = Een(s), s = 0,...,t
neN

which gives the temperature increase as a function of aggregated CO 2 emissions in previous and

current periods.

(3)

To restrict the global CO2 emissions, the coalition offers transfers to the non-cooperating

countries if they are willing to limit their emissions. Based on Hoel (1992b), the transfers offered
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are such that the non-cooperating countries obtain the same production with their imposed

emissions and the side payments as they would with the right to choose emissions optimally.

Thus, the optimal side payment to the non-cooperating country j is defmed as follows:

D j[T(t)]- gje .(t), z1(t) =--- { maxi D j[T(t)]- F j[x, z(t) ] J - D j[T(t)]- F3 [  J., z (t)]	
(4)

= D j[T(t)]- ( { maxi F i[x, zi(t)] } - Fi[e(t)z(t)J)

In the absence of the greenhouse effect, gj [.] is the production loss in country j from choosing

ej(t) instead of the optimal emissions. D i[lgj[.] is hence the side payment, which must be offered

to country j at time t, j e I, to make it indifferent (in the sense of equal production) between

choosing ej (and receiving the side payment) and the emissions maximising production.

Implicitly, country j is assumed to be small in the sense that it considers T(t) and therefore

Di rT(t)] as exogenously given.

Assuming that there is a constant ratio between consumption and production, the aggregated

consumption for the coalition is specified in the following way':

C(t) = E P1(t) - E D j[T(t)]- ge(t), zi(t)]	 (5)
iel

The object of the coalition is to maximise the present value of utility over the planning horizon.

Hence, the maximisation problem in equation (1), subject to equations (2) through (5), gives the

optimal path of emissions and therefore consumption for this group of counties.

The first order conditions for this maximisation problem, i.e., aW/ae i(s) = 0 and aW/aek(s) = 0,

where 1 E I, k e I and 0 s	 can be presented in the following way:

The first part on the left side of equation (6) is the discounted marginal utility from an increase

The factor of proportionality between consumption and production, is in this study set equal to 1. However,
this is irrelevant in this respect, since the assumption means that we can specify the utility as a function of production,
P, i.e., u[C] = u[P] = 0[P].



[
, aut.] . aFT-] -DJ.] - E (1pfsw ae,(s) - 	 t---

(1 +

)--

[aT(t

api[.]

) ae k(s)

.aiTo	 .g[.]

(7)

6

prt .aut.] •E I 	 \--api[ • ] . aT(t) .g jr .,+ I. i	.
C(t) fri aT(t) ae 1(s)	 )..

/ 	
)-p ) t .au[.1 .,_, ap i[•] . aRt) 

ago ii aT(t) ae 1(s) g •
\ 	 1-

in the emissions from a country within the coalition due to higher production in period s. The

second part shows the discounted utility gain over the planning horizon due to lower side

payments. The increase in emissions involves higher damage and therefore lower side payments

to the non-cooperating countries. The right side gives the discounted utility loss in the coalition

over the planning horizon due to damage from the increased emissions. Thus, in the optimal

state, the gains from higher production and lower side payments from emissions within the

coalition should be balanced against the current and future damage directed toward the coalition.

From the above optimality condition, we see that the emissions from the countries within the

coalition are higher when side payments are given to other countries than they would be in the

absence of side payments (the second part on the left side is zero). This is because the damage

from global warming in the non-cooperating counties involves a gain for the coalition in terms

of lower side payments, an irrelevant effect under unilateral actions.

Equation (7) gives the condition to determine the emissions from the non-cooperating countries.

At the optimal solution, the discounted utility loss in the coalition due to damage from these

emissions should be balanced against the utility gains from lower side payments. The first part

on the right side of the equation represents the impacts from side payments due to higher

production in the emitting country in period s, while the last part is the discounted utility gains

from lower side payments due to higher damage in all non-cooperating countries caused by

increased emissions.

\-
E (1 + p

)f
. au[ .] 	api [ .  aT(t)

ts 	FC(t)	 aT(t) ae k(s)

aum agk[-]  Dk[.] EI('(1 + p)s 	 ae k(s)	 pis

(6)

.p aut.]
ac(t)
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The social optimum, which is the optimal solution under full cooperation, is defmed as the

maximum of the global intertemporal utility function (1) subject to (2), (3), and C(t) = InPn(t),

n,1 E N. This gives the following optimum condition:

/	 Yr
C	 a U[.1	 apj.1 . aTo) ..p-, [.]	 (8)f 1 	1_	 nl D iu ., ....E (1 + pyt-	

	aco)	 aT(t) ae i(s)
k i + pi 5 . aur.] .a""--"--""-- -=-7aC(s) ae,(s)	 t,	 ne

\

Thus, in the optimal state, the utility gain from increased production in one country at time s

should be balanced against the discounted utility loss from global warming in all countries over

the rest of the planning horizon.

3. FUNCTIONAL FORMS AND DATA

Time periods and regions 

According to Cline (1992a), the atmospheric buildup of carbon content is likely to continue over

the next three centuries due to the massive reserves of fossil fuels. Thus, the appropriate time

horizon for greenhouse analysis is in the order of 250-300 years. A long planning horizon is also

justified by long-term impacts, which are a characteristic of global warming. Impacts are only

felt after some 30 to 50 years, but may then persist for as much as two or three centuries.

Following these arguments, the model is simulated for the period 1990 to 2230, giving a

planning horizon of 240 years, where t = 0 refers to 1990. However, we do not report results for

the last 50 years to avoid extreme end effects caused by the relatively arbitrary time horizon.

We divide the world into seven blocks of countries based on the OECD GREEN model

(Bumiaux et al. (1992a,b)). 2

2 The GREEN model is divided into 12 sectors. Therefore, in our model, ROECD consists of the GREEN regions
Japan and 00ECD (Other OECD), while REST consists of CEECs (Central and Eastern Europe), EE-LDCs (Energy-
Exporting LDCs), DAEs (Dynamic Asian Economies), Brazil, and ROW (Rest of the World). The calibration of the
parameters is based on the original 12-sector version, and the parameters of ROECD and REST are weighted averages
of the parameters in the above mentioned groups with CO2 emissions as weights.
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1. USA

2. EEC

3. Rest of OECD (ROECD)

4. The former Soviet Union (EX-USSR)

5. China

6. India

7. Rest of the World (REST)

According to this list, the OECD countries consist of the three first regions while regions 1 to

4 are industrialised countries. The last group is a mixture of both industrialised and developing

countries.

The production module 

In the present analysis, the production in a country is defined as its gross domestic product

(GDP). The income function in equation (2), the F[.] function, is taken from Kvemdokk (1993):

Fn [e n(t),;(0] = Y n(t); = t(t) - G[en(t);t]

q .(00) (i n(t) - e n(t)rim e 	iso
G n(t);t] -

b n(t)	 ê(t)

(9)

where (the subscript is left out for simplicity):

z = {b,q,t8},

b = the constant elasticity of abatement costs with respect to abatement (8 - e),

q = the shadow price of CO2 when e = 0, i.e. the tax on CO2 emissions which leads to a total

substitution away from fossil fuels to non-fossil backstop technologies (the switch price of CO2),

Y = GDP in the absence of climate change,

= GDP in the absence of climate change and emissions constraints (BAU GDP without climate

change),

e = CO2 emissions from energy use in the absence of any emissions constraints (BAU CO2), and
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G = abatement costs for abatement equal to ê -

The income function is concave in CO2 emissions for b > 1 and q > O. The condition b *TY

ensures that GDP is non-negative. For further characteristics of the function, see Kvemdokk

(1993).

The exogenous BAU scenario (8 and "Y) is defined so that the emissions maximise the production

in the absence of global warming, i.e., Gn[.] = O.

The data are taken from the OECD's GREEN model (see Burniaux et al. (1992a,b)) and the

parameter specifications for the income function as well as for the other functions are given in

Appendix 1. In 1990, the q-values are set equal to the high arbitrage tax levels for gas vs carbon-

free fuel in 2050 in the GREEN reference scenario, 3 while they decrease linearly to the high

arbitrage tax levels for carbon-free fuel vs synthetic fuel4 by the year 2090 and remain constant

from this time onwards. The decline in the switch prices is due to an expected increase in fossil

fuel prices, as well as the possibilities of falling costs of backstop technologies.

The b-values are calibrated using data for carbon taxes in 2015 under the GREEN Toronto

scenario, since 2015 was the first year with positive carbon taxes in all regions in the GREEN

simulations. This means that the carbon taxes in the GREEN model equal the respective shadow

prices of carbon in our model in 2015 at the specific emission levels. The exogenous paths of

the b-parameters follow the paths for the autonomous energy-efficiency parameter (AEEI) in the

GREEN model, which is a growth of 1% p.a. in all regions from 1990 to 2050. We assume a

uniform growth of 0.5% p.a. until 2100 and zero growth in the parameter thereafter.

The time series of BAU variables are also based on exogenous growth rates. The annual growth

rates for BAU GDP in the absence of climate change from 1990 to 2050 are based on Bumiaux

et al. (1992a). From 2051 onward, the growth rates build on the long-nm growth rates in Manne

and Richels (1992) and Cline (1992a), leading to an almost 21-fold multiple of gross world

3 The high arbitrage tax levels correspond to taxes at which the conventional fuel still accounts for 30% of total
energy demand (see the Appendix, Table A2, in Burniaux et al. (1992a)).

4 This corresponds to the long-term equilibrium tax level in Manne and Richels (1992).
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product (GWP) by 2230 if there are no feedbacks from global warming. 5

The BAU CO2 growth rates from fossil fuel use are based on GREEN to the middle of the next

century and build on the long-run growth rates from Manne and Richels (1992) and Cline

(1992a) thereafter. This gives an average annual growth rate of 0.4% for the period 2100-2230,

which corresponds relatively well to the long-term growth rates of CO2 emissions of 0.5%

annually assumed in Cline (1992a).

Under these assumptions, BAU CO2 emissions from energy use increase to almost 60 billion ton

carbon by 2230. The relative share of total emissions for different regions is shown in Figure 1.

The share of OECD countries declines from 47% in 1990 to only 3% in 2230. This is due to a

decline in emissions from 2111 onward derived from technology changes and backstop

technologies, as well as a high increase in emissions from developing countries. The share of

Chinese emissions increases from 10% in 1990 to 60% in 2230.

To illustrate the abatement possibilities in the model, abatement costs and taxes are calculated

under a reduction scenario where each region stabilises its emissions to 1990 levels. This is

shown in Appendix 2.

The damage function in equation (2) is specified in the following way, involving no damage in

1990 (period 0):

AM)] =1 -	 Ttt) - Rolf
, y 1k A - TtO)

(10)

Thus, kn is the relative GDP loss in region n due to the climate-feedback effect at temperature

s To compare our estimate to other studies, Cline (1992a,b) assumes that the global production multiples 26-fold
from 1990 to 2275 in the absence of global warming, while Nordhaus (1992) assumes a 7 112-fold multiple over the same
period. A high growth as assumed in this study may raise serious doubts of feasibility due to limits of the global resource
and environmental base. The possibility of such a growth has, however, been supported although not recommended by
Cline (1992a), p. 287. Cline argues that lower per capita growth than in the past may be difficult to avoid, and that the
per capita income projections do not seem high at least on the basis of the experience over the past century.
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increase A, where A is set to 2.5 °C6, i.e., 1 - D
[
.] = kn when T(t) = A. For a similar additive

specification of the damages, see Fankhauser and Kvemdokk (1992).

A multiplicative damage function like the one above may be a good description if most of the

damage related to global warming comes from activity losses in GDP-producing activities like

agriculture, while an additive damage function may best represent the damage if it reduces

amenities not usually included in the GDP measure, like loss of wetlands due to rising sea levels,

loss of bio-diversity, and so on. However, willingness to pay for such amenities increases with

income or GDP, involving higher valuations in richer countries. Thus, damage should in some

way be related to GDP.'

Several studies, see, e.g., Nordhaus (1991a,b), Cline (1992a), and Fankhauser (1992), estimate

that a temperature increase of 2.5 °C since preindustrial time will cause a global damage in the

interval of 1-2% of GWP. Thus, in this study we work with three different scenarios for total

damage at 2.5 °C actual global temperature increase: 1%, 2%, and 3% of GWP, named Scenario

1, 2, and 3, respectively (see Table 1).

Table 1: The damage scenarios

SCENARIO 1: SCENARIO 2:
-

SCENARIO 3:

Total damage at
T(t) = 2.5 °C is 1% of
Gross World Product

Total damage at
T(t) = 2.5 °C is 2% of
Gross World Product

Total damage at
T(t) = 2.5 °C is 3% of
Gross World Product

For parameter calibration of the k-values, we use the damage distribution pattern in Fankhauser

(1992). T(0), the global temperature increase from preindustrial time to 1990, is set equal to 0.6

°C, based on Houghton et al. (1992), while 'y is set equal to 1.3, which is the estimate of Cline

(1992a).

6 This is IPCC's best guess for an equilibrium temperature change at a doubling of CO2 equivalents in the
atmosphere (see Houghton et al. (1990, 1992)).

7 Fankhauser and Kverndokk (1992) solve this problem by employing an additive damage function, where the annual
damage is assumed to grow proportionally with income.
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The climate module 

Our model represents the 17 major GHGs, where only the CO2 emissions from energy use (see

the production module above) are specified endogenously. Thus, we assume that the international

agreement only concerns these emissions and that other emissions, including CO2 emissions due

to changes in land-use patterns, are nth affected.

The climate module of the model consists of a stock equation, (11), and several temperature

equations, (12) and (13).

The stock equation gives the atmospheric concentration of CO2 at different emission levels.

Emissions of GHGs increase the corresponding concentrations in the atmosphere. However, the

observed concentrations are less than they would have been if all emissions since preindustrial

time had been added to a constant preindustrial stock. For example, the observed increase in

atmospheric CO2 concentration since the industrial revolution is only one-half of what it would

have been if all CO2 emissions were added to the preindustrial stock. This is due to the removal

of carbon from the atmosphere into the oceans and the terrestrial biosphere. As a simplification

in economic studies, the complex process of atmospheric GHG accumulation has been modeled

in three different ways (see e.g., Peck and Teisberg (1992)): As a depreciation model assuming

a constant annual depreciation of the stock of GHGs based on the lifetime of the actual GHG

(lifetime is defined as the time required for one unit of the GHG to depreciate to l/e units), as

an atmospheric fraction model, where a certain fraction (airborne fraction) of the GHGs reaches

the atmosphere each year (e.g., one-half for CO,), or as a combination of depreciation of the

existing stock and a fraction of current emissions immediately removed from the atmosphere.

We have chosen the depreciation model for the accumulation of CO2 (for both endogenous and

exogenous emissions) in the atmosphere, where the preindustrial stock is assumed to be the

equilibrium stock. This means that if all anthropogenic emissions were eliminated, the

atmospheric concentration would approach the preindustrial level. However, we do not apply a

constant depreciation rate. The lifetime of CO2 is assumed to increase linearly from 120 to 300

years over a time interval of 250 years starting in 1990, due to saturation of the carbon-sink

capacity of the oceans (see Houghton et al. (1990, 1992)). This is shown in equation (11), where

Q(t) is the atmospheric concentration of CO2 at time t, CY' is the preindustrial concentration, Z(t)
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is the difference between concentration at time t and preindustrial time, L(t) is the lifetime of

CO2, and X(t) is the global emissions (in PPM) at time t.

Q (t) = QP + Z (t)

Z = Z (t - 1) - (1 - _.L) + X (t) , t > 0
L (t)

The parameters are set according to Houghton et al. (1990, 1992) and Peck and Teisberg (1992),

and are specified in Appendix 1.

The temperature equations describe the reaction of temperature to changes in atmospheric OHO

concentrations or radiative forcing, i.e., heating in watt per square metre (W m-2), and consist of

functions for potential and actual temperature increase. Potential temperature increase is the

increase in the geophysical equilibrium. Before fully warming the earth's surface, the greenhouse

effect must first heat up the oceans (ocean terminal lag). This may take as long as three decades

or more, and the potential temperature increase is therefore the increase in temperature after full

adjustment. Potential temperature increase due to CO2 emissions, Tco21', is specified according

to Peck and Teisberg (1992). The A and B parameters in equation (12) are fit so that the increase

is zero at the preindustrial concentration and 2.5 °C for twice the preindustrial concentration of

CO2 .8

The potential temperature increase due to emissions of the 16 other GHGs, ToGHGP, is the product

of the total warming coefficient, O (measured in °C/W m-2),9 and the radiative forcing above

preindustrial level, R(t) (measured in W n12). 1° The time series for radiative forcing, where CFCs

are assumed to be phased out by 2020, are taken from the calculations of Hoel and Isaksen

(1993).

s Peck and Teisberg (1992) assume a temperature increase of 3 °C for twice the preindustrial concentration of CO2.
However, 2.5 *C corresponds to IPCC's best guess (Houghton et al. (1990, 1992)).

9 Usually potential temperature increase is specified as the product of radiative forcing, R, the warming to be
expected as the direct impact of radiative forcing before taking account  of feedback, X,, and the feedback multiplier, 0,
i.e., '14) = RA.T3 (see, e.g., Cline (1991, 1992a)). In our model, O represents both the direct and indirect impact of radiative
forcing, i.e., the product of X, and II

10 This is of course also true for CO2 and is implicitly included in our specifications (11) and (12). The relation
between radiative forcing and atmospheric concentration of CO2 is usually assumed to be Ron = 6.3 In p(t)/QP].
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T2(0 = A In Q(t) - B,

ToPGHG(0 = 0 R(t),
	 (12)

T P(t) = :02(0 -4- 7' oPGHG(0

Based on Nordhaus (1991a,b), the increase in actual temperature (T) in each period is governed

by a lagged adjustment process due to the thermal inertia of oceans as mentioned above, where

the speed of adjustment is determined by the delay parameter a, which is set equal to 0.025.

T(t) = aT P(t) + (1 - a)T(t - 1)
	 (13)

The parameter specifications are given in Appendix 1. The development in endogenous CO2

emissions, atmospheric CO2- concentration, and actual temperature increase under the BAU

scenario are shown in Figure 2. For a comparison to other studies, see Cline (1992a) for analysis

in the very long term (2275), and Houghton et al. (1992) for analysis to the year 2100. Based

on these comparisons, our estimates seem to be in the upper end.

To illustrate the importance of global warming in the long run, the development of GWP with

feedbacks from the warmer climate, i.e., EnDn[lt(), is shown in Figure 3. Global warming

affects GDP relatively little until 2050. The effects in the 22nd century are high however. By

2300, more than 13% of potential GDP is lost under Scenario 1, and 40% is lost under Scenario

3.

The consumption module 

The utility function for the coalition is specified in the following way:

1 	U[C(t)] -	 [C(01-P. -	 IL * 1, lit >0
1 -

U[C(t)] = 1nC(t), i	 1

(14)
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This is an isoelastic utility function where lip is the elasticity of substitution between•

consumption at two points in time.

Compared to other studies, Nordhaus (1991a,b, 1992) uses a value equal to 1, while Cline

(1992a) proposes a value of 1.5 for USA. In this model p is set equal to 1.

The rate of pure time preference, p, is set equal to zero to avoid discrimination of future

generations. See, e.g., Cline (1992a) and Hoel and Isaksen (1993). This is discussed further in

Section 5.

The simulations of the optimal CO2 emissions and hence consumption paths are provided in the

next section.

4. RESULTS

Following the arguments from Fankhauser and Kvemdokk (1992), the only regions with

incentives for unilateral emission reductions are EEC, ROECD, and under certain conditions,

USA. Thus, in addition to the social optimum, simulations are run with two different coalitions.

First, we assume that an agreement to reduce CO2 emissions is signed by EEC and ROECD.

Thus, the first coalition consists of all OECD countries apart from USA. Then, USA is included,

which means that in the second coalition all OECD countries are assumed to sign the treaty.

Assuming that there are no transaction costs related to side payments, the coalition calculates and

offers optimal side payments to all other countries. If the side payments do not gain the coalition,

the transfers calculated under the optimisation problem would be zero. However, in the real

world there would probably be transaction costs related to side payments, which means that the

coalition may concentrate on compensating a limited group of countries consisting of the main

emitters of CO2 outside the coalition. Thus to represent this, under a regime with transaction

costs, the coalition of EEC and ROECD will offer side payments to USA, the countries of the

former Soviet Union, China, and India, which are all among the top 10 emitters in the world,

considering the former Soviet Union as one region.
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Table 2: The different coalition regimes

REGIME 1 REGIME 2 REGIME 3 SOCIAL
OPTIMUM

REGIONS IN
THE
COALITION

EEC
ROECD

USA
EEC
ROECD

EEC
ROECD

USA
EEC
ROECD
EX-USSR
China
India
REST

REGIONS
OUTSIDE
THE
COALITION

USA
EX-USSR
China
India
REST

EX-USSR
China
India
REST

USA
EX-USSR
China
India

We can now specify the four different coalition regimes. In Regime 1, the reference regime, the

coalition of EEC and ROECD offers side payments to all other regions. The coalition is extended

to all OECD countries in Regime 2, while in Regime 3 the original coalition (EEC and ROECD)

does not offer side payments to REST due to transaction costs. The last regime is the social

optimum. The different • coalition regimes are summarised in Table 2.

The simulations are run for periods of 10 years, and we therefore assume that the treaty is signed

every 10 years, specifying the same percentage-reduction level from BAU emissions within the

10-year interval. This means that the optimal emissions grow with the BAU CO2 growth rates."

Further, as mentioned in the introduction, we assume a constant coalition within the planning

horizon of 230 years. The results are presented for the time period 1990 to 2180, and the

simulations were carried out using the GAMS/MINOS system; see Brooke et al. (1992).

However, due to the great uncertainties in analysis dealing with such a long time horizon, the

results should only be considered illustrative estimates. We also concentrate on the relative

differences between the coalition regimes, due to the sensitivity of the actual levels of the

Using 10-year instead of 1 year periods also requires new assumptions about the parameter a and the lifetime
of CO,. We have set a = 0.224 (calculated from (1-0.025)' ° = 1-a) and assume a constant lifetime of CO, within the
intervals.
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optimal variables (see the sensitivity analysis below).

The optimal policy 

Figures 4 and 5 show the optimal emission levels under the different coalition regimes. In the

graphs we only report the results for the "best guess" scenario, Scenario 2 (see Table 1); however

we comment on all scenarios.

Consider the results for Regime 1 and the social optimum; the results for Regimes 2 and 3 will

be presented below. The total emissions reductions compared to the BAU scenario are

substantial, especially from the middle of the next century (see Figure 4), reaching 100% under

the social optimum and 60-85% under Regime 1. The high abatement levels are, among other .

things, due to low abatement costs' and high damage costs over time, as well as a low discount

rate. This will be further commented on in Section 5. The socially optimal abatement paths are

high compared to the studies of Peck and Teisberg (1992) and Nordhaus (1992). However,

Nordhaus sets the rate of pue time preference equal to 3%, while we use a zero rate.

Simulations with Nordhaus's DICE model employing lower rates of time preference give

abatement paths within the range of this study (see Cline (1992b)). The optimal abatement levels

are, however, quite modest in the beginning (year 2000), less than 10% under Regime 1,

Scenario 1.

The emission reductions in the regions outside the coalition are actually higher than the

corresponding abatement in the coalition. Under Regime 1, Scenario 2, abatement is up to 72%

in the coalition and 78% outside the coalition. The bulk of emission reductions are taken in

China and India (84% and 82%) due to, among other things, the relatively low marginal

abatement costs in these counties using the GREEN data.

While the emissions reductions seem high compared to BAU emissions, this is not the impression

comparing them to 1990 emissions, as shown in Figure 5. With limited participation, the

12 To illustrate this, in the model the abatement costs at 100% abatement, i.e.  G[04], are about 15% of BAU GDP
in the absence of climate change (i) for the OECD countries in 1990. These costs are decreasing over time due to
technological progress, and amount to about 1% within 2080 under the assumptions of the model. The corresponding
abatement costs in the non-OECD countries are significantly higher; e.g., 85% in EX-USSR and 47% in China in 1990;
however they also decrease over time to 7% and 5% respectively in 2080.
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emissions will increase compared to the 1990 level, which is not in accordance with

recommendations from international conferences such as Toronto and Hamburg 1988. The first

calling for emission reductions of 20% of 1990 levels from the year 2005 onwards and the

second recommending reductions of 30% by the year 2000. Reductions within this recommended

range correspond however to the socially optimal emissions under Scenarios 2 and 3.

The optimal side payments in per cent of GDP before action is taken (BAU GDP) are shown in

Figures 6 and 7. The hump shape of the graphs can be explained by the abatement paths in

Figures 4 and 5, with increasing abatement to about 2100 and lower abatement thereafter, as well

as lower abatement costs and higher damage costs over time. The transfers are quite modest in

most years, with the peak at 1.7% of the coalition GDP by 2100 under Regime 1, Scenario 3.

Under the "best guess" scenario, Scenario 2, the peak is however 0.95%. In comparison, this is

just above the development assistance disbursement target of 0.7% established by the United

Nations, which however is not met by most industrialised countries. The transfers to the non-

cooperating countries in terms of their GDP under Regime 1 are relatively smaller, owing to

larger total GDP in this group.

Figure 8 shows the actual temperature increase under the different regimes. The abatement

strategies have a minor effect on the temperature in the first decades of agreements. However,

from the middle of the next century the differences are significant. To illustrate, under Scenario

3, the temperature increase is about 64% lower than BAU by 2180 under the socially optimal

regime (2.8 °C) and 40% lower under Regime 1 (4.6 °C). Thus, even if the decline in prospective

temperature increase is high under limited participation, there are big differences compared to

the socially optimal paths.

Gains from CO 2 abatement

Figure 9 shows the global GDP gains compared to BAU GDP under the different coalition

regimes. Until the middle/end of the next century, the global gains are negative — a loss of more

than 3.5% at the most — with the highest losses under the socially optimal policies. The gains

however are positive from the second half of the century onward, up to 31% by 2180 under the

social optimum and 22% under Regime 1 (Scenario 3). The results are due to the long-term

impacts of global warming - impacts are only felt after some 30 to 50 years - the long planning
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horizon and the low discount rate.' The problem can be compared to one of investment; the

costs are immediate while the gains will come later. Here, the policy makers are willing to trade

off lower GDP in the near future against benefits in later periods.

The differences in the gains for the coalition and the non-cooperating regions are substantial

under the social optimum as well as under limited participation. The non-cooperating countries

will gain most at the end of the planning horizon, an increase in GDP of 37% by 2180 compared

to 15% in the coalition. However, the non-cooperating countries will have the highest losses in

the beginning of the planning horizon from the abatement strategies before side payments are

taken into account, as much as 4.4% of the potential GDP under the social optimum. The high

losses in the beginning are among other things due to high potential economic growth; while the

high gains from cooperation in the long term are due to significant damage from climate change.

This may indicate one difference between the regions inside and outside the coalition: Even if

the regions outside the coalition gain substantially over the total planning horizon, they may be

reluctant to cooperation due to high initial costs. This means that they employ a higher discount

rate than the coalition.

Extending the coalition 

To see how the optimal policy is affected by the number of countries committed to cooperation,

we compare the results from the coalition of EEC and ROECD to the corresponding results for

a coalition of all OECD countries, i.e., Regimes 1 and 2. The results for Regime 2 under

Scenario 2 are also shown in Figures 4 through 9.

The main impression is that the optimal solutions are still somewhat far from the social optimum.

However, under Scenario 3, including USA in the coalition actually means a stabilising of total

emissions just below 1990 levels in the first part of the next century (see Figure 5). A stabilising

of emissions at 1990 levels has been mentioned as a goal for international negotiations, for

example, under the Rio conference in 1992. In the other scenarios, the emissions are higher than

1990 levels. The differences when it comes to actual temperature increase and total GDP gains

seem relatively marginal as well. However, the total side payments from the coalition.to the non-

13 We set the rate of pure time preferences equal to zero; however, using a concave utility function results in an
implicit discounting of future consumption (see Section 5 below).
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cooperating countries have increased since this regime involves higher reductions, and hence

higher abatement costs in the non-cooperating region. The increase in abatement can be explained

from equation (7): Including USA in the coalition implies an increase in the damage costs taken

into account by the coalition (see the left side of the equation), while it means lower gains from

reduced side payments due to the damage in the non-cooperating countries (see the last part of

the right side) since there are fewer countries to compensate. Thus, to attain an optimal solution,

the first part of the right side has to increase, giving higher abatement in the non-cooperating

countries.

Limited compensation 

Under Regime 3, the REST region is not compensated for emissions reductions due to transaction

costs related to side payments. We assume that the emissions from REST follow the BAU path,

which means that we ignore carbon leakages from actions taken by the other counties (see e.g.,

Burniaux et al. (1992a) and Manne and Rutherford (1992)).

The emissions from the REST region accounts for about 17% in 1990 and 22% in 2230. Thus,

ignoring this region under an international treaty means that still more than 75% of emissions

have been accounted for. This seems like a high portion; however, as seen from the results under

Regime 3 in Figures 4 through 9, the negative impacts of limited compensation are relatively

more important than the positive impacts of including USA in the coalition. For instance the

difference between Regimes 1 and 3 is larger than the difference between Regimes 1 and 2 with

respect to temperature change: The temperature increase under Regime 3 by 2180 will be almost

5.9 °C compared to 5.1 °C under Regime 1. In comparison, the corresponding reduction in

temperature when moving from Regime 1 to Regime 2 is only 0.5 °C (see Figure 8).

5 SENSITIVITY ANALYSIS

Most of the functional forms and parameter values used in the analysis are subject for discussion,

and the results will of course depend of the data employed. Sensitivity analysis is therefore

essential.
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The data for the income function are taken from the GREEN model (Burniaux et al. (1992a,,b)).

This study is rather optimistic in terms of abatement costs. Calibrating the income function using

data from Manne and Richels (1992) will give lower abatement in all scenarios and regimes. For

sensitivity analyses on the income function, see Fankhauser and Kvemdokk (1992) and

Kvemdokk (1993).

The studies of Peck and Teisberg (1992) and Fankhauser and Kvemdokk (1992) concluded that

the optimal reduction levels are very sensitive to the form of the damage function (the value of

7). To see the effect on the main variables in this study, we have run simulations with a linear

damage function (y = 1). Even the little reduction in the parameter value of y has impacts on

the main variables, involving for example reduced abatement and higher temperature increase.

However the abatement is still high with the linear damage function. The most sensitive variable

to changes in this parameter is the side payments. These have been reduced by about 50%

compared to the original levels, indicating lower gains from free riding with a linear damage

function. Even if the total gains under the social optimum are higher, the higher the damage is,

the total gains with limited participation seem not to be equally sensitive.

As discussed in, e.g., Cline (1992a,b) the social discount rate is composed of two elements: A

component for pure time preference, and a component for utility-based discounting, where the

latter follows from the assumption that future consumption will be higher than the current level,

which means that the marginal utility from an additional unit of consumption will be lower in

the future than today.

Following the arguments of Cline (1992a,b), we have set the rate of pure time preference, p,

equal to O. However, this component has been the subject of long discussion (see, e.g., Lind

(1982) for a survey), and is for example set equal to 3% in the study of Nordhaus (1992).

Sensitivity analysis on the component of pure time preference confirms the conclusions in Cline

(1992b), a high rate of pire time preference reduces the optimal abatement quite drastically in

the beginning of the time horizon, but abatement rises quickly, giving high-percentage cutbacks

by the end of the planning period. Increasing the rate of pure time preference to 1% reduces the

social optimal abatement in 2000 under Scenario 2 by more than 40%, and delays the stage of

no CO2 emissions by two decades. A rate of 3% will correspondingly reduce the social optimal

abatement by more than 70% in 2000 and give a peak of reductions at about 85% by the end of



22

the next century.

Changing the optimisation problem to maximise the discounted sum of utility over time, where

per capita utility is a logarithmic function of per capita consumption, actually puts more weight

on future consumption compared to the original optimisation problem. Thus, this is similar to a

reduction in the pure rate of time preferences, giving higher abatement in the beginning of the

time period?'

Reducing the elasticity of substitution in the utility function by setting t equal to 1.5, which is

the value applied by Cline (1992a), actually increases the utility-based discounting (see above).

Thus, this will reduce abatement in the beginning of the planning horizon, and the optimal

abatement is actually in the same range as when employing a rate of pure time preferences equal

to 1%.

To sum up, even if the optimal abatement paths are very sensitive to the various parameters

employed, the main characteristics of limited participation under international CO 2 treaties seems

robust.

6. CONCLUSIONS

hi this paper, we have run simulations for a planning horizon of more than 200 years. Due to

the great uncertainties of such a long time period, our results should be taken only as illustrative

estimates. Nevertheless, we hope this exercise may show some of the main characteristics of

limited participation under international CO2 treaties.

The analysis shows that even if limited participation may have a significant influence on the

climate and therefore the economy in the long run, it will not meet the recommendations from

international conferences. Compared to the social optimum, there is a significant global loss of

limited participation. However, the most likely alternative to coalition formation seems to be a

14 To see this, let U(C/N) = ln(C/N). We then have T.,(1+p)4N1n(C/N) = 1.,(1+p)4(N1nC - N1nN). The latter part
of this expression (N1nN) is exogenous and does not influence the optimal paths of emissions. Assuming that population,
N, is increasing over time actually puts more weight on future rather than current consumption.
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"laissez-faire" regime, involving great damage in the long run. A treaty signed by only a group

of countries may therefore be important.

Unilateral actions to tackle the global warming issue have been criticized because of carbon

leakages (see, e.g., Pezzey (1992)). The importance of the leakages has been analyzed in several

studies but the conclusions differ (see, e.g., Burniaux et al. (1992a) and Manne and Rutherford

(1992)). However, as shown in this analysis, side payments may be an effective policy instrument

to avoid or reduce the problem of leakages and to make a limited agreement significant. Side

payments to countries outside the coalition may be within politically acceptable levels, making

such a policy instrument more likely. This study also emphasises the importance of compensating

as many countries as possible even in the absence of carbon leakages.

Including USA in the coalition has a relatively marginal impact on the development of the

climate in the long run, even if the current emissions of USA amount to almost 25% of global

emissions. This is due to the potential increase in emissions from developing countries, especially

China. Thus, even if limited participation by a group of OECD countries is an important

alternative to no agreements, this stresses the importance of future emissions abatement in the

major developing countries.
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APPENDIX 1

Table 1: Value of production parameters

b ga ga t)
,

e
(2015) (1990) (2090-) (1990) (1990)

USA 2.804999 1107 , 299 4536.6 1338.7

EEC 2.548641 1056 276 2740.3 812.6

ROECD 3.338589	 . 1317 331 2594.6 606.6

EX-USSR 3.080579 2069 454 1024.2 1010.1

China 5.518024 1755 443 533.2 608.2

India 5.422125 2147 482 239.2 148.9

REST 3.033441 1644 400 2913.5 1289.5

a US$ (1985) per ton of carbon
b billions US$ (1985)
c GtC

Table 2: Annual growth rates in BAU GDP without feedback effects

1990-
2000

2001-
2020

2021-
2050

2051-
2080	 •

2081-
2110

2111-
2140

,
2141-
2230

USA 2.6 2.2 1.6 1.0 , 1.0 0.8 0.5

EEC 2.2 1.7 1.3 1.0 1.0 0.8 0.5

ROECD 3.2 2.4 2.0 1.0 1.0 0.8 0.5

EX-USSR 2.6 2.1 1.6_ 1.0 1.0 0.8 0.5

China 4.6 4.4 3.4 2.5 , 2.0 1.5 1.0

India 4.6 4.5 3.4 2.5 2.0 1.5 1.0

REST 3.7 3.4 2.7 1.5 1.0 0.8 0.5

WORLD,	 3.0 2.6 2.1 1.4 1.2 1.0 0.7
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Table 3: Annual growth rates in BAU CO2 emissions

1990-
2000

2001-
2020

2021-
2050

2051-
2080

2081-
2110

2111-	 •
2140

2141-
2230

USA 1.1 0.8 0.6 0.5 0 -1.0 -1.0

EEC 0.8 0.7 0.6 0.5 0 -1.0 _	 -1.0

ROECD 2.0 1.5 1.3 0.5 0 -1.0 -1.0

EX-USSR 1.9 1.3 1.0 0.5 0 -1.0 -1.0

China 3.7 3.5 3.2 2.5 2.0 1.0 0.5

India 3.7 3.7 3.7 2.5 2.0 1.0 0.5•

REST 2.5 2.4 2.0 1.5 1.0 0 0

WORLD 2.0 1.8 1.8 1.5 1.2 0.4 0.3

Table 4: Per cent GDP loss due to 2.5 °C actual temperature increase

Total damage:
1 % of GWP

Total damage:
2 % of GWP

Total damage:
3 % of GWP

USA 0.867 1.733 2.6

ROECD 0.933 1.867 2.8

EEC 1.0 2.0 3.0

EX-USSR 0.467 0.933 1.4

China 4.067 8.133 12.2

India and REST 1.533 3.067 4.6
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Table 5: Value of stock parameters

Parameter Value Meaning

XExog-0O2 0.61'
0.35b

exogenous emissions of CO2 (ppm)

QP 280 preindustrial CO2 concentration (ppm)

Z(0) 73 additional concentration of CO2 (ppm)
from preindustrial time to 1990

Lœ2(0) 120 lifetime of CO2 (years) in 1990

a emissions in 1990
b annual rate of increase

Table 6: Value of temperature parameters

Parameter Value Meaning
,

A 3.607 Parameter in potential temperature function

B 20.328 Constant in potential temperature function

X 0.75 Total warming coefficient (*C/W rri 2)

a,	 •0.025 Lag parameter
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APPENDIX 2

To illustrate the abatement possibilities in the model, abatement costs and taxes are calculated

under a reduction scenario where each region stabilises its emissions at 1990 levels from the year

2000 onwards. This is shown in Figures Al through A4. Compared to other models, see, e.g.,

Dean and Hoeller (1992), Charts 7 and 8, our estimates seem to be within the same range for

the next century for most regions. However, our abatement costs are mainly falling over time,

a characteristic not supported by the studies reported in Dean and Hoeller (1992). This may

partly be explained by lower emission growth rates at the end of the next century in our model.

The low costs or taxes in the 22nd and 23rd centuries are mainly due to decreases in emissions

for most countries; for example by 2170, stabilisation is already achieved in USA and no

abatement is necessary therefore. The large differences in the constant elasticity of abatement

costs, b, in the long run can also be justified by the relatively small abatement costs in all

regions by the end of the planning horizon.
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Figure Al
Abatement costs at stabilisation, OECD
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Figure A2
Abatement costs at stabilis., Non-OECD
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Figure A3
Carbon taxes at stabilisation, OECD

-a- USA -10-- EEC 	 ROECD

Figure A4
Carbon taxes at stabilisation, Non-OECD
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Figure 1
Relative 002 emissions in BAU scenario
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Figure 2
BAU paths: CO2 emissions from energy use, atmospheric

CO2 concentration, and actual temperature increase
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Figure 3
BAU GWP with feedback from global warm.
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Figure 4
Global CO2 reductions rel. to BAU, S2
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Figure 5
Global 002 em. rel. to 1990 level, S2
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Figure 6
Compensation in % of GDP of coalit., S2
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Figure 7
Compens. in % of GDP outs. coalit., S2
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Figure 8
Actual temperature increase, S2
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Figure 9
Global GDP gains compared to BAU, S2
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