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Abstract 

The paper analyses incentives for and the benefits of a possible international cooperation 
to reduce CO, emissions. The negotiations are modelled as a (static) reciprocal-externality-
game in CO,-emissions between S world regions. CO, emissions affect the players in two 
ways: First, each country's income depends (via energy inputs) on the amount of CO, 
emitted. On the other hand, emissions may cause future damage due to climate change. 
Without cooperation, each player maximises its net benefits in setting marginal income 
equal to its margin JJ damage costs (Nash equilibrium). Under full cooperation marginal 
income equals the sum of the marginal damages (social optimum). The paper presents 
simulations of these two equilibria. Compared to the situation where no attention is paid 
to the greenhouse effect (the business as usual scenario), emission reductions under the 
Nash equilibrium can be interpreted as incentives for unilateral actions. According to the 
simulation results, this can only be expected from OECD countries. The results also imply 
that a socially optimal treaty, while clearly beneficial for the world in its entirety, may only 
be achieved if sidepayments are offered to at least China and the former Soviet Union, and 
probably the USA. The optimal global emission reductions in this study are on average 
lower than the reductions recommended by international conferences. 

1. Introduction 

Several papers have analysed the costs of reducing C 0 2 emissions (see for instance Boero et 
aL (1991), Hoeller et al. (1991) and Nordhaus (1991a) for surveys of some of these studies). 
However, abating C 0 2 emissions has two aspects, and an analysis of both the costs and 
benefits of C 0 2 emission abatement is essential for finding the optimal reduction level under 
an international C0 2 emission agreement. At the moment there are relatively few studies 
analysing both sides of the C0 2 problem. Studies aiming in this direction are Nordhaus 
(1991b,c) and Peck and Teisberg (1992). However, they remain at an aggregate, worldwide 
level. This paper tries to introduce cost-benefit aspects on a more disaggregated level, i.e. 
to a world divided into different regions. 

The process of a C 0 2 reduction agreement is analysed as a numerical global game, where the 
different players, i.e. the different countries and regions, take into account both the costs and 
benefits from C0 2 abatement. The game is modelled as a static one period game in emissions 
of C 0 2 for the year 2000, and is played by five regions: The United States (USA), all other 
OECD countries (OOECD), the countries of the former Soviet Union (USSR), China 
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(CHINA) and the rest of the world (ROW)'. 

The only greenhouse gas (GHG) emissions analysed in this study are C0 2 emissions from the 
combustion of fossil fuels. COj is the main greenhouse gas; it accounts for about 50 • 80 % 
of the total greenhouse effect, depending on the time horizon considered (see IPCC (1990a)). 
It is very likely that an international agreement on reducing greenhouse gas emissions will 
concentrate on C0 2 emissions only, since an agreement on reducing CFC emissions (which 
contributes about 25 % to the immediate greenhouse effect) already exists - the Montreal 
Protocol - and because the sources of C0 2 emissions are quite well known compared to other 
greenhouse gases. C0 2 emissions from the combustion of fossil fuels, which make up about 
70 - 75 % of total human generated C0 2 emissions (see Halvorsen et al. (1989)), are much 
easier to control than other C0 2 emissions (e.g deforestation). Because of the link to material 
output, the abatement costs of these emissions tire also much simpler to specify. 

Due to the great uncertainty in future scenarios for the greenhouse effect as well as the 
simplifications made in our model, the numerical results should only be taken as illustrative 
estimates. Nevertheless, we hope to contribute to the understanding of the economics of 
global wanning, in particular in modelling incentives for emission reductions and willingness 
to cooperate in different geographical regions. 

The structure of the paper is as follows: In section 2, we give the basic theory of the global 
warming game, and derive the important equilibria. The climatological mechanisms leading 
to global warming, which will act as side constraints in the game, are modelled in section 3. 
The specifications of the income- and damage functions are outlined in sections 4 and 5, 
while the results from the simulations under different scenarios are given in section 6. 
Section 7 contains the sensitivity analysis, and conclusions are summarised in section 8. 

2. The basic theory 

From an economist's point of view global warming is a typical open access resource problem. 
The atmosphere is used jointly by all countries of the world to dispose of, among other 
substances, CO2, which is emitted as a by-product of GDP-producing activities. However, 
the accumulation of C0 2 in the atmosphere may have negative effects in the future (in the 
form of climate change), not only for the emitting country but for the world as a whole, i.e. 
each emitter imposes a negative externality on the rest of the world. These features can be 

1 By only specifying 5 players in the game, wc implicitly assume full cooperation within each region, i.e. there 
already exists a cost efficient agreement, say, between the countries of OOECD. 
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formalised as a reciprocal externality game3 in which players (countries) trade off income and 
damage from emissions to maximise net benefits. 

Greenhouse gases are also typical examples of stock pollutants, since it is only the 
atmospheric concentration (the stock) which affects the climate, while the flow of emissions 
as such is harmless (at least with respect 10 climate change). Problems of stock pollutants 
are usually analysed in a dynamic framework, and a global warming game should thus ideally 
be dynamic3. However, the long term character of global warming - impacts are only felt 
after some 30 to SO years, but may then persist for as much as two centuries - make a 
numerical dynamic analysis rather difficult. Any reasonable time horizon would go far 
beyond the available forecasts. Hence, we only consider emissions in one period. 

Considering emissions in one period only is of course a simplification, however, one 
interpretation can be as follows: We suppose that countries have already agreed on a C0 2 

reduction treaty which will come into force in period 1. The treaty specifies all C0 2 

emissions from period 1 onwards. The maximising agent in period 0 is thus left with only 
one decision variable, viz. the optimal emission level in period 0. All other emissions are 
now exogenously given by the treaty. The analysis has consequently become static, i.e. 
instead of defining an optimal emissions path over time we now calculate the optimal 
emissions for only one point in time4. 

A static game of this son can be described in the following way. The emissions in the base 
period (period 0) determine, on the one hand, the income level which can be achieved in that 
period; on the other hand, they will also cause future damage, and this over several periods, 
viz. as long as the gas remains in the atmosphere. Thus, even in a static game, damage has 
to be expressed in present value terms, i.e. as the sum of discounted future damages. 

The optimisation problem is hence as follows. Without cooperation each player i maximises 
own net benefits NB,, with respect to own emissions in period 0, e„ over a time horizon of 
x periods. 

2 For a definition and discussion of reciprocal and uni-directional externality games, see Maler (1990). 

3 For different slock pollutant models see e.g. Keelcretal. (19711. Examples of dynamic games applied to 
environmental problems are Hoel (1992) and van der Ploeg and de Zeeuw (1990). 

4 The connection between a dynamic analysis and the static framework presented here is set out in Appendix 
I. 



^ 

4 
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where Y,(.) is a concave income function at period 0 for player i, with C 0 2 emissions, e„ 
being the only input factor. Strictly, income is a function of energy inputs. However, as C 0 2 

emissions directly depend on energy production, e, can be interpreted as an input factor (see 
section 4). 

We assume that the relative reduction levels in per cent of BAU emissions exogenously fixed 
in the treaty are the same as those found socially optimal for period 0, i.e. we take the social 
optimum from the static game as an approximation for the treaty coming into force in period 
1 (see section 3 for a further specification of the exogenous emission path)5. 6„ are the 
exogenously determined C 0 2 emissions for player i at time t, t > 0. Hence, IjY^éjS" - the 
present value of future income, where 8 is the discount factor (which is assumed to be the 
same for all countries) - becomes exogenous as well. 

Du(.) is a convex function denoting the damage for player i from climate change in period t. 
To simplify matters, the various aspects of a changing climate (sea level rise, changes in 
precip'ration, etc) are represented by a single variable, viz. the increase in global mean 
temperature since preindustrial time (1750-1800) T,. The atmospheric lifetime of C0 2 is 
assumed to be T years (i.e. the global mean temperature is influenced by current C 0 2 

emissions in x years). The last term of the equation therefore represents the total (present 
value) damage over all periods. 

The opdmisation is subject to a set of climate constraints, which establish the link between 
emissions and temperature rise. For the purpose of this general exposition they can be 
summarised in a single equation6 

5 Like this, the social optimum calculated in the game can also be irteipreted as a static approximation of a 
dynamic optimum (as described in Appendix 1). The problem has now been reduced to the question of whetiier the 
world should implement the agreement in the present period (period 0) or wail until the next one (period 1). 

6 Relation (2) corresponds to the voluminous set of n transportation constraints (one for each country) in uni
directional pollution games such as Mater (1989). Due to symmetry, this reduces to a single equation (valid for each 
country) in a reciprocal game. 
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Temperature increase is a function of the total emissions of all players at time 0,1,e r Note 
that emissions in subsequent periods, while influencing T„ are by assumption exogenous and 
therefore only enter as parameters. 

The non-cooperative outcome is compared to the cooperative solution, in which joint net 
benefits are maximised, subject to the same constraint, to achieve a social optimum. That is 

Y^et) +tyit:ieic)&c-±Dlc(Tc)li (3) 

The optimisation problems (1) and (3), subject to (2), yield two well-known results of public 
sector economics, often referred to as the Samuelson conditions (after Samuelson (1954)): 
Without cooperation, each agent sets marginal income equal to own marginal damage, while 
a social optimum would require that the marginal income of each agent equals the sum of all 
marginal damages, such that the externalities caused by each player are taken into account. 

For the model outlined here, the Samuelson conditions take the following form. The 
noncooperative case leads to a Nash equilibrium, and the first order conditions are 

Y'± = tD'ic-f'c-6< (4) 

for all i; a dash denotes first order derivatives, i.e. f,' = dTJd^fa etc. The product D;,'f,' is 
hence the additional damage at time t, caused by an increase in today's emissions. Total 
marginal damage is the discounted sum of the additional future damage, which is depicted 
on the right-hand side. The left-hand side denotes the marginal income from an increase in 
today's emissions. 

The first order conditions for problem (3), i.e. for the social optimum7, are correspondingly 

7 If we allow for sidepaymcms, we have perfect separation between the net benefil and die C0 2 reduction level 
for each country. Hence, die social opiimum gives die only efficiem cooperative outcome. 
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for all i; i.e. (he marginal income in each country equals total (worldwide) marginal damage. 

We assume that, at the moment, countries are neither in equilibrium (4) nor (5). Instead, they 
are still in a business as usual (BAU) situation, characterised by Y,' = 0. For a long time 
BAU has been thought of as being optimal, either because countries were unaware of the 
greenhouse effect (i.e. they assumed f,' = 0), ignored its subsequent impacts (i.e. had a very 
high S) or assumed them to be negligible (i.e. D u ' = 0)B. However, recent scientific 
evidence and a shift in preference towards environmental goods' are now leading to a shift 
away from BAU to a new optimum. This new equilibrium could either be the cooperative 
solution (5) or, if countries fail to agree on a treaty, the Nash outcome (4). Of course the 
world could also agree on a suboptimal treaty, say, a uniform reduction scheme. Issues of 
suboptimality and gains from efficiency have already been analysed in Kverndokk (1992) and 
will therefore not be considered here. 

This paper presents simulations of the two equilibria (4) and (5)'°. The base period is 
arbitrarily set to be the year 2000, and the game will be played by the five regions USA, 
OOECD, USSR, CHINA and ROW. As a first step, however, the general functional forms 
used in this section have to be specified and calibrated. This will be done in the next three 
sections. 

3. The climate module 

The climatological mechanisms leading to global warming are modelled as a set of three 
equations: a temperature constraint, a stock constraint and an emissions equation". This is, 
of course, in many ways simplistic, and one of the most obvious simplifications is that, 

Note thai, under these assumptions, Y,' = 0 satisfies both optimal conditions, (4) and (5). In the absence of 
an externality individual and social optimum coincide. 

9 e.g brought about and enforced by studies like for example "Our Common Future" (World Commission on 
Environment and Development (1987)). 

1 0 The simulations are carried out on the GAMS/MINOS system. See Brooke et al. (1988). 

1 1 The scientific aspects are mainly based on :PCC (1990a). For a similar representation, see Nordhaus 
(1991b.c). 
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instead of working with several greenhouse gases, all emissions are directly translated into 
C02-equivalents (using Global Warming Potentials)'2. 

The temperature constraint describes the reaction of temperature to a change in atmospheric 
CO requivalent concentration. The relation between concentration and the equilibrium change 
in temperature (i.e. the change which will occur after full adjustment) is usually approximated 
by the logarithmic function 

r,' = o,-ln(A) (6) 

where T*, denotes the difference in temperature between the new and the preindustrial 
equilibrium. Q, is concentration of GHG (measured in COyequivalents) at time t and Q? the 
preindustrial level13. Because of the thermal inertia of oceans, however, the equilibrium will 
only be reached gradually. The temperature constraint is thus best represented as a partial 
adjustment equation, 

r e - « . « l n ( A ) •< ! -«> 2 ^ ( 7 ) 

0 £ C I £ l 

That is, we assume that the temperature rise between preindustrial time and period t, T„ is 
a weighted average of the rise observed in the previous period, T,.„ and the equilibrium 
increase, <flln(Q/Qp). The speed of adjustment is determined by the delay parameter a. The 
larger the value of o (i.e. the larger the weight on the equilibrium value), the quicker the 
adjustment; for example, in the extreme case of a = 1, temperature adjusts immediately, and 
equation (7) reduces to T, = G)ln(Q,/Qp). 

The Intergovernmental Panel on Climate Change (IPCC) predicts that a doubling of the C0 2 -

Global Wanning Potenuals measure Ihe warming contribution of a gas relative 10 C0 2 , taking into account 
different lifetimes and radiative forcing capabilities (see IPCC (1990)). Thus, once transformed into COj-equivalents, 
each emission (of whichever gas) can be treated as if it was C0 2 . However, since C 0 2 seems to be the greenhouse 
gas with the longest lifetime, and this method spreads the effect of the other gases over the lifetime of CO,, this will 
actually underesumate the impact of the greenhouse effect in early yean; and overestimate it in later years. Due to 
discounting, this could lead to less abatement in optimum (see equations (4) and (5)). 

1 3 The ratio QJCf = 2 thus corresponds to a doubling of C02-equivalem concentration compared to preindustrial 
CO; levels ("COj-equivalent doubling", sec Schneider et al. (1990)). 

,S 
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equivalent concentration from preindustrial level will increase temperature by about 2 - S *C, 
while the mean global temperature in 2000 is assumed to be about 1 "C higher than the 
preindustrial level. It will take some 30 to 50 years to adjust to the new equilibrium, though. 
Calibrating <fl to IPCC's best guess of 2.5 *C yields a value of to = 3.61 (as 3.61xln(2) = 2.5). 
A lag of 30 to 50 years corresponds to an a-value of on average 0.1", while preindustrial 
(1750-1800) concentration, Q f , was roughly 280 ppm. 

The stock constraint is a basic representation of the carbon cycle and determines the level 
of atmospheric C 0 2 concentration. COj is assumed to dissipate at a constant rate a. At the 
same time concentration increases in every period in proportion to the amount of greenhouse 
gases emitted . Thus 

Qc = XEc.1*a-a)Oc.i (8) 

where E,., denotes total emissions in period t-1 (in CCyequivalents), i.e. we assume that it 
takes one period for the gases to reach the atmosphere, and the parameter X translates 
emission units (GtC) into concentration units (ppm). 

The atmospheric lifetime of CO z is rather hard to determine, as the gas is constantly 
circulating between various reservoirs, but a reasonable estimate seems to be 20C years15, 
which corresponds to a dissipation rate of a = 0.005. The relation between emissions and 
concentration is 1 ppm = 2.12 GtC, whence X = 0.47. 

Total emissions E, are determined by the emissions equation. Since the only endogenous 
variables are fossil fuel emissions at time 0, greenhouse gas emissions in future periods and 
from other sources have to be determined exogenously. We assume that all gases from 
sources other than fossil fuel burning follow a business-as-usual path, while future C0 2 

emissions from fossil fuels are determined by an international treaty coming intn force in 
period 1. The treaty reduces BAU emissions in every future period by the same percentage 
(which is the one found socially optimal in period 0 (see equation (5)). The optimal 
percentage is found under an iteration process. For the sake of simplicity we assume constant 
growth rates for each gas. The emissions equation is therefore 

This is for one year lime periods. For computational reasons the simulations were, however, carried out using 
5 year periods. 

1 5 See IPCC (1990a) and Lashof and Ahuja (1990). The atmospheric lifetime is defined as the time span needed 
lo reduce a given concentration increase to 1/c, i.e. about 37 %, of its initial value. 
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E0 = firtej *£P*s; 

where gk denotes the growth rate c." the k-th greenhouse gas (with the subscript F standing 
for fossil fuels), and 3* its (exogenous) emission level in the base period, measured in C0 2-
equivalents. s F is hence equal to the socially optimal C0 2 emissions in period 0". 6k 
denotes the airborne fraction of gas k, i.e. the fraction of the emissions which are deposed in 
the atmosphere, and Z^ is the endogenous fossil fuel emission at time 0. 

Figure 1: Marginal temperature and concentration increase due to a doubling of 
emissions in 2000. The emissions follow the BAU path thereafter. 

To simplify matters we only distinguish between three types of greenhouse gases: CO? from 
fossil fuel combustion, C0 2 from other sources (like deforestation and cement manufacturing) 

Note thai the results are only .narginally affected by changes in exogenous emissions, since Hie damage 
funcions are almost linear in emissions under our numerical specifications (see the sensitivity analysis in section 7). 
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and other greenhouse gases (CH4, N 2 0 and CFCs). The growrh rate of C 0 2 from fossil fuels 
is set at l.S %, while the other two categories grow at a modest rate of 0.5 % per annum11. 
The airborne fraction is set to be 50 % for the two C0 2 categories and 100 % for the other 
gases. Emissions from other C0 2 sources are 2.098 GtC (IPCC (1990a), extrapolated to the 
year 2000). Using global wanning potentials. IPCC (1990a) calculates that C0 2 accounted 
for about 61 % of total 1990 emissions (p. 61). This implies other greenhouse gas emissions 
of 4.529 GtC-equivalent in 1990, and, assuming an annual growth of 0.5 %, 4.761 GtC-
equivalent in 2000. As explained above, the exogenous emissions from fossil fuels, sF, are 
assumed to correspond to the optimal reduction level found by solving the cooperative case 
(equation (3)). 

Table I: Values of climate parameters 

Parameter Value Meaning 

a 0.10 delay parameter 

1 (0 3.61 equilibrium temperature rise (°C) 

Q" 280 preindustrial concentration (ppm) 

X 0.47 conversion GtC to ppm 

8 0.005 dissipation rate 

SF as in social 
optimum 

exogenous fossil fuel emissions (GtC) 

SOC02 Z.0W exogenous other C 0 2 emissions (GtC) 

SoGHG 4.761 exogenous other GHG emissions (GtC) 

g F 
1.5% growth rate for fossil fuel emissions 

S0C02 0.5% growth rate for other C0 2 emissions 

SOCHC 0.5% growth rate for other GHG emissions 

fc 0.5 airborne fraction of C0 2 from fossil fuels 

POC02 0.5 airborne fraction of other C 0 2 emissions 

PoGHG 1.0 airborne fraction of other GHG 

The growth rales are derived from Lashof (1991). 
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Table I I : Climate change under a BAH emissions scenorio 

?105 
2X10 

FOSS 
FUEL 

<GtCI 
OC02 
(GtC) 

OCHG 
<GtC-*q> 

9.74 

TOTAL 
(GtC-eql 

16.43 

<PP"> 

400.00 

139.81 

6.58 
6.-75 

TEH» 

CC) 

1.00 

11.11 106.87 1733.13 
6.11 
6.30 

130.85 2050.79 
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The assumptions made about the different parameters are summarised in Table I. They 
produce a climate scenario which is fairly similar to those developed by IPCC (1990a) and 
EPA (Lashof (1991)). For the business as usual case it predicts a doubling of C02-equi valent 
concentration by about 2050, with a temperature rise in the same year of around 2.3 'C (see 
Table II). The gradual adjustment of the climate variables to emission changes is visualised 
in Figure 1. It shows how temperature and concentration deviate from the BAU path 
illustrated in Table II, if there is a doubling of BAU emissions in the year 2000, while the 
emissions follow the BAU path thereafter. 

4. The income function 

4.1 The theory 

The income function in this study expresses the maximum income a country can achieve 
under different emission constraints of C0 2 . If abating C0 2 emissions leads to lower income, 
this income reduction may be called the COz abatement cost. 

To further understand the connection between income and C 0 2 emissions, we can write the 
income function for a country in the following way, 

F(e) = max[<)>(v) - p v | « v s e] 

where the symbols are defined as follows: 

v = column vector of energy inputs, 
p = row vector of energy prices, 
a = row vector of coefficients transforming energy consumption into C 0 2 emissions, 
e = C 0 2 emission constraint. 

Note that the emissions constraint, while defined as a parameter in the context of the income 
function, is determined endogenously in ihe larger context of the game: its value is the result 
of agents' optimisation, i.e. the result of solving equation (I) or (3) given the condition (2). 

Let <J)(v) - pv express the gross domestic product ('JDP) in a country, where <t>(v) is the 
output value of goods and services at market prices. Energy is inputs in the production 
process and hence the intermediate products. It can be shown (see Kverndokk (1992)) that 
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if the <(>(v) function is increasing and concave in energy inputs, the income function F(e) will 
be increasing and concave in emissions, which means that 8F(e)/6e > 0 and 8*F(c)/Se2 < 0. 

GDR 

é C 0 2 

Figure 2: Income function, general specification 

Define é as the emission level which maximises GDP, i.e. &t>(v)/5vm = pm, for all m. Hence, 
S can be interpreted as the emission level without any C0 2 emission constraints in a scenario 
where the greenhouse effect is not taken into consideration. 6 will then be referred to as the 
BAU emission level (see section 2). We see that as long as e < é, the income function will 
be an increasing function in actual emissions, av, and v will therefore always be chosen such 
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that av = e. This is illustrated in Figure 2. 

4.2 Specification of the function 

The concave income function used in this study is taken from Kverndokk (1992), and is 
expressed in equation (11). (The region subscript i is left out for simplicity). 

a e 

b > 1, < ? > 0 , e i é, b i Si. 
(11) 

Two important parameters (in addition to e and Y which, denote emissions and GDP in the 
BAU scenario; i.e. Y = Y(e)) are q and b. 

q is the shadow price of COj when e = 0, i.e. 

,= imi 

q can be interpreted as the tax on C 0 2 emissions which leads to a total substitution away from 
fossil fuels to non-fossil backstop technologies (the switch price of C0 2 ) . At this specified 
tax rate, no carbonous energy inputs will be consumed, and consequently no emissions due 
to fossil fuel use will occur. 

b is a technology parameter18, which together with q, é and Y describes the technology of 
the country. 

The conditions b > 1 and q > 0 give the concavity of the income function for e < é, while 
b 5 qé/Y implies Y(0) S: 0, which ensures non-negative GDP. 

From (11), we can derive the following equations: 

DeHning abatement costs as C = Y - Y, b is actually ihe constant elasticity of abatement costs. 
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f b fl é ' 

BYie) _ „ , ± - e , b . - , (14) 

The equations (13) and (14) show some important characteristics of the income function. 

(13) expresses the relative GDP loss under a given C0 2 constraint. It is higher, the higher 
the switch price (q) and the higher the 0 0 2 emissions per unit of GDP in the BAU scenario 
(S/Y). 

The marginal income is shown in (14). From this specified functional form, it follows that 
if q, = pa = ... = q„ and b, = b^ = ... = b„, uniform percentage reductions in C0 2 emissions 
induce an equal shadow price of C 0 2 in every country. Hence, this treaty is cost efficient. 

For further characteristics of the income function see Kverndokk (1992). 

4.3 Calibration 

Following the theoretical framework in section 2, we want to calibrate the income function 
for the year 2000. There are several abatement cost studies available for the calibration, but 
due to the aggregated level of this analysis, the studies using the top-down approach are the 
most relevant". In this study, therefore, we have chosen Manne and Richels (1992) as the 
main source, and consequently have used the same geographical specification. 

C 0 2 emissions and GDP from the unconstrained scenario in Manne and Richels (1992) are 
taken as the BAU values é and Y, while the switch prices are calculated as the prices per ton 
of carbon which make the costs of all fossil energy supplies equal to or higher than the cost 
of the non-fossil backstop in 1990, using estimates for non-electric energy supplies from the 
Manne and Richels study (see Kverndokk (1992) for further details on the calculations). 

There are two main approxhcs used lo analyse abaicmcnt costs in simulation models; the top-down approach 
and the bottom up approach. The former is a macrocconomic approach where, among others things, the welfare 
effects from differe .: policies to reduce the emissions are calculated. The latter, on the other hand, is a partial 
"engineering" approach, calculating the costs of individual technological methods. See Boeroetal. f1991) for further 
information about modelling greenhouse gas abatement. 
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Given numerical values for é, Y and q and a cenain C0 2 emission constraint, there are, in 
principle, two different ways to calibrate the parameter b: Either using numbers for relative 
GDP losses to solve equation (13) or usiug carbon taxes to solve equation (14). Since the 
marginal incomes, which under certain conditions will equal the carbon tax rates (see for 
instance Hoel (1991)), are the crucial variables in finding the equilibria analysed in this paper, 
we chose equation (14) for this calibration, using carbon tax estimates from Manne and 
Richels (1992). However, note that these two ways of calibration give different results, 
simply because our income function is only an approximation of the production functions 
used in the Manne and Richels study. 

Table III: The parameters of the income functions 

USA OOECD USSR CHINA ROW 

b 2.041303 2.069804 2.042257 2.07065 1.723131 technol. 
parameter 

q 1016.06 1016.06 1016.06 1016.06 1143.80 switch 
price of 
C 0 2 (1990 
$AC) 

é 1.676 1.612 1.236 0.821 1.885 BAU C 0 2 

emiss. 
(GtC) 

Y 7117 13322 3384 1706 4757 BAU 
GDP 
(1990 
bn$) 

5. The damage function 

5.1. Specification of the function 

Compared to the abatement or income side, relatively little work has been done on the 
damage function. While there are quite a few papers which describe damage qualitatively 
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or concentrate on special aspects or regions20, the only attempts towards a monetary 
valuation of total damage seem to be Cline (1992) and Nordhaus (1991b,c), although they 
mainly provide a point estimate and not a whole function. 

Explicit specifications of damage functions are found in Peck and Teisberg (1992) and Barrett 
(1991). Following these studies we assume a convex function of the form21: 

DU(TC) = Jr, ln-ht)' 

Annual damage is assumed to grow proportionally with income, where the rate of economic 
growth in country i is denoted by h;. k( is a point estimate of the damage for country i caused 
by a hypothetical temperature increase of A "C in period 0. More technically, if the 
temperature rise between preindustrial time and period t is T, = A, the undiscounied damage 
becomes D^T,) = kj( 1 +hf)1. y finally determines the degree of convexity. 

One may object that most damage will not be caused by temperature rise itself, but by 
connected phenomena such as sea level rise, storms and hurricanes, changes in precipitation 
etc., which are not incorporated here. Further, that damage will probably depend as much on 
the rate of temperature change as on the absolute value itself, and there may well be threshold 
effects. Unfortunately, the degree of uncertainty in most of these areas is still quite high and 
no reliable data exist. We therefore take the better understood and more easily predictable 
rise in global mean temperature as an index of the degree of change in the whole climatic 
system. 

The discount factor, 5, takes the form 

S = _ L _ (16) 
U r 

where r is the discount rate. From the equations (15) and (16) we see that discounting net 
of economic growth, (1 + h|>/(I + r), is the crucial variable in our problem, and not the exact 
numbers of the discount rate or rate of economic growth. 

2 0 Examples are IPCC (1990b), Parry el al. (1988), or Thus el a). 0991). 

2 1 Some ideas about a damage function (based on poini estimates) are also found in Cline (1992). while 
Nordhaus (1991b,c) assumes constant marginal damage. 

*r (15) 



5.2. Parameter estimates 

The parameters of the damage function, more than any of the other figures, are subject to 
very high uncenainty and the probability range is correspondingly wide. To take this into 
account we work with different scenarios and consider three different cases for both y and 
the fcj's. 

Scientific knowledge so far suggests a convex damage function, i.e. y 5 1, with different 
aspects of damage showing different degrees of nonlinearity22. Calibrating equation (15) to 
the US-damage estimates of Cline (1992) implies a y-value of about 1.323. We therefore 
work with the three assumptions y = I (linear damage), y = 2 (quadratic damage) and as an 
upper case with the cubic relationship y = 3. Because of data restrictions, the same y-values 
will be used for all countries, although, in reality, there may well be differences depending 
on the type of damage faced in a region24. 

The different damage levels in each region are expressed by the point estimates k,. All 
available data refer to damage caused by a doubling of C 0 2 concentration (2xCOj). For the 
United States, Cline (1991) calculates that 2xC0 2 could cause a damage of around 1.1 % of 
GDP, while the widely-quoted studies by Nordhaus (1991b,c) estimate a range of 0.25 % to 
2 % of GDP. Although calculated for the United States, Nordhaus assumes that these figures 
can be generalised to hold for the world as a whole. A forthcoming study by Fankhauser 
(1992), on the other hand, suggests that the US damage may instead be below the world 
average. We therefore work with the following three cases: a lower scenario, with a damage 
of 1.5 % of gross world product (GWP), a medium scenario with 2 % damage, and an upper 
case in which damage amounts to 3 % of GWP. The damage distribution pattern of 
Fankhauser (1992) implies the k-values shown in Table IV. 

As most studies assume that 2xC0 2 will increase equilibrium temperature by 2.5 °C, A is set 
to this value. Note that, although the k-values could be referred to as the damage (net of 
economic growth) caused by 2xC0 2, they are estimates of the damage caused by a 2.5 "C 

This refers to convexity in icmperaiure rise, which should not be confused wilh convexity in emissions. As 
is shown in Appendix 2, damage is only convex in emissions for a sufficiently large y. 

2 3 Cline provides two damage estimates for ihe US: S 61.6 billion for a 2.5 "C temperature rise and S 338.6 
billion for 10 "C. Substituting the pairs (61.6, 2.5) and (338.6, 10) into equation (IS) and assuming A = 2.5 gives 
y= 1.3 and k u s = 61.6. 

2 4 E.g. suppose, for the sake of argument, that damage caused by sea level rise shows stronger nonlinearities 
than agricultural damage. We would then expect a rather high y for countries like, say, Bangladesh, where damage 
from sea level rise is high, and a rather low y-valuc for a region like the US corn-belt, where damage mainly occurs 
in agriculture. 

18 
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temperature rise. That is if 2xC0 2 turns out to cause a temperature rise different from 2.5 
"C, the k's remain valid point estimates, but point estimates for the damage under the 
atmospheric concentration which is now associated wi;h a 2.5 'C rise in temperature. 

Table IV; Point estimates for the 2.5 *C damage 

K- VALUE 
(bn$1990) 

LOW 
CASE 

MEDIUM 
CASE 

UPPER 
CASE 

% 

USA 74.96 99.94 149.92 16.5 

OOECD 195.34 260.46 390.69 43.0 

USSR 11.36 15.14 22.71 2.5 

CHINA 6.81 9.09 13.63 1.5 

ROW 165.82 221.09 331.63 36.5 

WORLD 

(% GWP IN 2000) 

454.29 

(1.5 %) 

605.72 

(2%) 

908.58 

(3%) 

100 

Over a time horizon of 200 years it is hard to predict the rate of economic growth h,. 
However, more important than the absolute value is the ratio of h, to the discount factor 8. 
The choice of the correct discount rate for environmental projects has traditionally been a 
subject of fierce discussions25. Without going into the details, the arguments seem to 
suggest a rather low discount rate close to the rate of economic growth, and we therefore 
assume a difference of 0.5 percentage points. For an average future growth rate of 3 % in 
all regions this would imply a discount rate of 3.5 %2 6. 

For a recent discussion of the issue see e.g. Markandya and Pearce (1991). 

2 6 Nordhaus (1991b,c) also use low estimates or the difference between the rate of economic growth and the 
discount rate "... to reflect the possibility that the future equilibrium will come in a low- or no-growth economy with 
a low rate of lime preference" (Nordhaus (l0 (?ic), p. 926). The "best guess" estimate in diese studies is a difference 
of 1 %. 
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6. Simulation results 

6.1 The noncooperative Nash equilibrium 

The concept of a noncooperative Nash equilibrium leads, as outlined in section 2, to the 
optimal emissions strategy for a country in the case where no cooperation takes place. We 
implicitly assume that countries optimise using the same expected values for growth rates, and 
further, that they know all about the other countries' production structure and sensitivity to 
global warming. 

The different assumptions about k and y made in section 5 lead tc nine different damage 
scenarios. In this section we present the results from only three of them, but the full results 
of all the 9 cases are given in Appendix 3. The three cases presented are in a way the 
benchmark cases of our findings. Case I could be called the lower bound, and is 
characterised by the linear damage function (y = 1) and low total damage cost (1.5 % of 
GWP). The quadratic damage function (y = 2) and the medium case of total damage costs 
(2 % of GWP) are the characteristics of Case II. This represents our "best guess" case. For 
the upper bound, Case III, we assume a cubic damage function (y = 3) together with high 
total damage costs (3 % of GWP). 

Table V: Noncooperative Nash equilibrium, % reductions from BAU 

USA OOECD USSR CHINA ROW TOTAL 

Case I 0.4 1.2 0.1 0.1 0.1 0.4 

Case II 1.1 3.1 0.2 0.1 0.4 1.1 

Caselll 3.1 8.3 0.5 0.4 1.7 3.1 

In Table V the emissions from the noncooperative Nash equilibrium are compared to the 
emissions from the BAU scenarios. We see that the main changes occur in the OECD 
countries, especially in OOECD, where the optimal emissions may be more than 8 % lower 
than in the BAU scenario. For the non-OECD countries (USSR, CHINA and ROW), the 
changes in emissions are almost negligible in all scenarios. These results are due to the trade
off between abatement costs and damage costs. The OECD countries will face more than half 
the monetary damage due to the global warming. The portion of total damage is especially 
high for OOECD, while USSR and CHINA face a relatively small damage (see Table IV). 
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In addition, the abatement costs are in general lower in the industrialised countries compared 
to most developing countries. 

High emissions reductions in the Nash equilibrium may be interpreted as high incentives for 
unilateral emission reductions, i.e. internal cooperation for emission reductions within the 
region. To judge from our results, such moves can only be expected from OOECD and 
maybe USA, but are far less probable for the other countries, especially USSR and CHINA. 
As a matter of fact, the OECD countries are at the moment the only countries which have 
announced unilateral actions". 

6.2 The social optimum 

The cooperative equilibrium represents the social optimum in which all externalities are 
taken into account. The simulations of the socially optimal agreement are presented in Table 
VI. 

Table VI: The social optimum, % reductions from BAU 

USA OOECD USSR CHINA ROW TOTAL 

Case I 2.4 2.6 2.4 2.6 0.4 1.9 

Case II 6.4 6.9 6.4 6.9 1.6 5.3 

Case III 17.4 18.2 17.4 18.2 6.8 14.9 

The total optimal reduction rate compared to BAU emissions, varies quite a lot depending on 
the different damage cost scenarios, with the highest rate being around 15 %. Remember that 
this also defines the reduction rate (compared to BAU) fixed in the treaty coming into force 
from period 1 onwards. In Nordhaus (1991b,c), the optimal reduction of C 0 2 emissions, 
including deforestation, varies from 22 % to almost zero28. Compared to these studies, our 
estimates are roughly within the same range. The results are, however, not directly 
comparable due to the different assumptions made. Our results also support Peck and 

2 7 USA did noi have any national GHG emission constraint per June 1991. However, newly approved 
resolutions will probably lead to a stabilising of GHG (including CFCs) on 1990 level by 2000. 

2 8 The different assumptions about total damage costs in equilibrium for 2xCO, in these studies, are 1/4 %, 1 
% and 2 % of GWP. 
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Teisberg's (1992) conclusion, (hat the optimal reduction level is very sensitive to the form 
of the damage function (i.e. the value of y). The optimal reduction rates in our study are on 
average lower than the recommendations of international conferences2*. Remember, however, 
that the present study is restricted to C 0 2 emissions from fossil fuels combustion alone. 
Including other emission sources may lead to further GHG reductions depending on the 
marginal abatement costs for these sources. 

Table VI also gives the cost efficient allocation of the abatement burden. It can be seen that 
USA and USSR on the one hand, and OOECO and CHINA on the other hand, follow each 
other in a parallel way; a result due to the manner of specification of the income function. 
If we use the same functional form for all countries, the abatement costs or calculated carbon 
taxes will not differ as much as they probably would if the functional forms were different. 
Given our specified income function, the cost efficient distribution of emissions among 
countries depends on the calibrated values of the q and b parameters (see equation (14)). Due 
to the small differences in energy prices as well as carbon tax rates when applying Manne and 
Richels figures to our specified income function, these parameters are almost equal in the 
groups of regions mentioned and we get the above result (see the comment about equation 
(14) in paragraph 4.2). Cost efficiency has, however, been extensively analysed in Kverndokk 
(1992), and is therefore not considered further in this study30. The results nevertheless imply 
that a uniform reduction scheme may not be as far from first best as is usually assumed, at 
least for the industrialised countries. 

6.3 The gains from cooperation 

The welfare gain from cooperation for a country is simply the difference between the net 
benefits in the cooperative and noncooperative equilibria. Given our assumptions about future 
emission paths (see section 2), the welfare gain actually shows the benefit of implementing 
the cooperative solution this year instead of watting until next year, i.e. the gain from 
accelerated action. The simulated welfare gains are given in Table VII. 

With less than 0.2 % of GWP, the overall welfare gains from cooperating seem rather modest. 
However, note that this is only the gain from cooperating in one year. Further, remember that 
our assumption of cost efficiency within regions implies a high level of cooperation already 
in the noncooperative solution (see footnote 1). Then, increasing the number of regions 

E.g. the Toronto conference on "The Changing Atmosphere" in 1988 called for 20 % total CO, emission 
reductions by 2005. while the Hamburg Conference the same year recommended a 30 % reduction by the year 20O0. 

3 0 Noie, however, that the cost efficient distribution in the present study differs from the results in Kverndokk 
(1992). The reason is that the last study is calibrated using data from Manne and Richcls (1991). In addition, the 
b values are calibrated according to relative GDP loss instead of carbon tax rates, due to the overall aim of thai study. 
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would probably increase the total welfare gain from cooperation. 

Table VII: Welfare gains from cooperation, % of BAU GDP 

USA OOECD USSR CHINA ROW TOTAL 

Case I -0.000 0.005 -0.007 -0.011 0.016 0.003 

Case II -0.000 0.038 - 0.054 - 0.077 0.116 0.025 

Case III 0.005 0.312 - 0.408 - 0.574 0.840 0.192 

More important than the absolute values are probably the directions of the welfare gains, 
which can be used to analyse the incentives for cooperation. The highest gains are in 
OOECD and ROW. These are also the only regions for which the welfare gains are positive 
in all scenarios. For USSR and CHINA the gains are negative in all scenarios, while they 
are mostly negative for USA. This would imply that only OOECD and ROW have an 
incentive to cooperate with the other regions, while USA, USSR and CHINA will be reluctant 
to do so without sidepayments. However, it is important to remember that ROW is a very 
heterogenous conglomerate of countries, which consists of e.g. the Eastern European 
countries, OPEC, Asia and Africa. Hence it is not possible to outline an overall uniform 
strategy which is optimal for all these countries. 

7. Sensitivity of the results 

The results presented in the previous section are based on estimates or calibrations of some 
40 parameters, only few of them uncontroversially, and sensitivity tests are therefore essential. 
The wide range of impact forecasts has already been taken into account by working with 
different damage scenarios. This section therefore concentrates on variations in the income 
and climate parameters. The results are based on the medium assumptions of a 2 % income 
loss and a quadratic damage function (7 = 2), i.e. Case II of section 6 3 1. 

The income parameters were entirely derived from Manne and Richels (1992). However, 
the variation in estimates of abatement costs and rates of carbon taxes in different abatement 

Generally, the results show a high sensitivity for high y's and are less sensitive for low y-values. I.e. 
differences are amplified by the convexity of the damage function. 
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cost studies are high33. Compared to other stuxes, especially the studies based around the 
IEA-ORAU model (see e.g. Edmonds and Reilly (1983)), the Manne and Richels figures are 
slightly pessimistic (see Boeroetal. (1991». A recent study is the GREEN model developed 
by the OECD (see Burniaux etal. (1991a.b)). and we have chosen this for sensitivity analysis 
on the b parameter. 

Table VIII presents the results for the case where the b parameter is calibrated according to 
carbon taxes in GREEN, while all other parameters remain unchanged". The figures are 
quite different from our previous results, especially with respect to the reduction levels for 
non-OECD countries, mainly due to lower abatement costs for these countries in the GREEN 
compared to the Manne and Richels study. However, the ROW region is not directly 
comparable in the two sturVs, since GREEN does not include every country. 

Table VIII: Sensitivity analysis for the income parameter b based on GREEN 

USA OOECD USSR CHINA ROW TOTAL 

Non-coop, 
% red. 

2.6 3.0 4.4 5.1 9.7 5.1 

Coop, 
% red. 

10.6 6.6 25.5 30.0 17.5 16.2 

Welfare 
gain, % of 
BAU GDP 

0.047 0.132 - 0.139 - 0.206 0.239 0.080 

A calibration of the b parameters according to GDP loss (see equation (13)), will lead to 
higher marginal income for a given emission level with both the Manne and Richels and the 
GREEN data, and hence to less abatement. 

Even though the model is quite sensitive to the b parameter, the direction of the welfare 
effects seems robust. This mainly reflects the more even distribution of abatement costs 

The lax rates estimated seem 10 vary more than the corresponding GDP losses in the different studies. 

3 3 When doing the tax calibration for the b parameter, wc do not need \i\i exact values for 6 and ^ (see equation 
(14». A change in the q parameters would induce a change in the b parameters as well, but the GREEN study does 
not provide enough information to calculate the q parameters. 
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compared to the wide regional variations in damage (see Table IV). 

With respect to the climate parameters, the results are most sensitive to changes in the 
temperature parameter u). The calibration of u> was based on a climate sensitivity of 2.5 *C, 
i.e. on the assumption that the equilibrium temperature rise caused by 2xC0 2 is 2.5 'C. While 
this is IPCC's "best guess", the whole range given in their study is 2 to 5 *C (IPCC (1990a)). 
The results for the two boundary cases are shown in Table IX. For the upper bound of 5 "C 
the optimal reductions are almost quadrupled and amount to as much as 20 %. A detail not 
shown in the table is that under the 5 *C assumption, cooperation would also become 
significantly beneficial for the USA, and total welfare gains would raise to almost 0.4 % of 
GWP. 

The results are, on the other hand, only marginally affected by different assumptions aboiit 
the exogenous emissions, i.e. by changes in sF, the sk's and their growth rates (not shown in 
the table). This is mainly due to the fact that, for the y-values used here, damage is almost 
linear in emissions (see Appendix 2), and for a linear damage function, marginal damage 
would be independent of other emissions. 

Table IX: Sensitivity to climate parameters 

Worldwide optimal 
reduction level 
(% reduction from BAU) 

Non-
cooperative 
equilibrium 

Cooperative 
equilibrium 

Reference case 
(y = 2, 2 % damage) 1.1 5.3 

Climate Sensitivity 
2 "C (-> (D = 2.89) 
5 , C(->cu = 7.21) 

0.7 
4.4 

3.5 
20.7 

Atmospheric lifetime 
100 yrs (-> a = 0.010) 
300 yrs (-> a = 0.003) 

0.8 
1.2 

3.7 
6.0 

Rate of discount 
3 % '-> 8 = 0.97) 
5 % (-> 8 = 0.95) 

1.6 
0.5 

7.9 
2.2 

The sensitivity with respect to the atmospheric lifetime of C 0 2 is also compai'atively low: 
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Tripling the lifetime from 100 to 300 years, for example, changes the optimal reduction levels 
by only two percentage points (see Table IX). 

More important (and more controversial) are changes in the discount rate54. The bottom row 
of Table IX reports the results for discount rates of 3 % and 5 %. Increasing r from 3 % to 
5 % reduces the optimal abatement to less .!ian one third of the previous level35. 

8. Conclusions 

In this paper, we have analysed a static game in C0 2 emissions, where the countries face the 
decision whether to cooperate and sign an international agreement in which all of them 
participate, or to follow their best noncooperative strategy, which would lead to a Nash 
equilibrium. However, we have assumed that at present, C 0 2 emissions follow a BAU path 
characterised by total disregard for the greenhouse effect. 

Due to the great uncertainty in the field and the simplifications made in the model, the 
numbers from our simulations should only be taken as illustrative estimates. Nevertheless our 
estimates are in the same range as Nordhaus (1991a,b), although on average lower than the 
emission reductions recommended by international conferences. This discrepancy, however, 
may at least partly be explained by our mode! assumptions. The results may also be helpful 
in explaining the attitudes of different countries and regions towards international cooperation. 
The figures suggest that the only regions with incentives for unilateral C 0 2 emission 
reductions are OOECD and to a certain extent USA. As a matter of fact, countries from these 
regions are so far the only countries signalling unilateral actions. The results also imply that 
a socially optimal treaty, while clearly beneficial for the world in its entirety, may only be 
achieved if sidepayments are offered to at least China and the former Soviet Union, and 
probably the USA. And in fact these countries have indeed shown a rather restrained attitude 
during the first attempts to establish an international C 0 2 reduction agreement. 

The discussion is restricted to changes in the discount rale. Obviously, a change of roughly the same 
magnitude in the rate of economic growth would have an equivalent effect. 

3 5 Changing the discount rate would in principle also affect the calculation of CO:-equivalents. This has not 
been taken into account here. 
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Appendix 1: 

Dynamic vs. static optimisation 

Using the symbols of section 2, the optimisation problem in its dynamic form can be 
expressed as follows. Country i maximises 

max MB, = i [ r J C ( e i t ) -D I e <r t ) ]S e U> 

subject to the climate constraint 

where E, = 2^, stands for total emissions in period t (the existence of other greenhouse gases 
is neglected). The dependence on time reflects the sluggish adjustment of the climate system. 
This is a standard dynamic optimisation model for a stock pollutant, as described e.g. in 
Keeler et al. (1971) and leads to the description of an optimal reduction path. 

To reduce optimisation (1) to a static problem, we assume that an international treaty will 
come into force in period 1, which will impose emission limits e j r Countries thus face an 
additional constraint ejt < 6,,, t > 0. Future emissions ejt> t > 0, become exogenous and 
independent of ej0, and, assuming that the constraint is binding for all countries, equation (1) 
becomes 

max MR, = iri0(ei0) +tyit(etc) 6C] - f D l c ( T c ) 6 e (2) 
e-1 c-0 

subject to 

r t = f t ( £ 0 , i ; , ..,Et) 

where É, = Zpf. 

The second term in the square brackets in equation (2), ^Yu(e^S', is a constant and does 
therefore not affect the marginal value of NB. The analysis has become static, i.e. die 
maximisation determines the optimal emission values for only one period, viz. the emissions 
in period 0. 
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Appendix 2: 

The characteristics of the damage function 

The discounted damage function can be written in the following way (the symbols are 
explained in the text), 

Di(e1) = iDlt(Te)6< (1) 

D1C(TC) = * , < l * * i > ' ( - £ ) ' < 2 > 

Tc = o t a l n j ^ j + ( l - a > r c _ 1 ( O s a s l (3) 

where 

0C = cons tant , 
Qt = * e e . ! + ( 1 - 0 ) 0 ^ . t > o 

: / . l 3 k*F 

Jr. 

«) 

<5) 

and S, kj. A, y, h„ w, Q11, Qo, X, a, p\, s,, & > 0, for all k and i, which implies Q, > 0 for all 
t. 

From equations (3) to (5), we can define the general functions: 

Tt = r(c 0 oe) <6) 

Oc = 0(Ea. ... , Bc.J . t > 0 (7) 
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Using equations (1) to (7), we can derive the first order derivatrv- of the discounted damage 
in country i with respect to its C0 2 emissions in period 0: 

From equations (1) to (7) we also get 

(8) 

(9) 

3 r t 

30s 
( l - « ) M « l i ) y , S i t (10) 

30 3 3£ 0 

df,, dei 

-5=2- = ( l - o ) - U P , , 0 < s -£ £ (11) 

We see that for T, > 0, we have SDuCTJ/oT, > 0. We also have 5T./5Q, > 0 and 
(SQJSEoXSEo/Se,) £ 0 (for 0 < s < t). Hence, as long as T, > 0, oDtCejVSe, > 0, i.e. the 
damage function is increasing in C0 2 emissions. 

To say something about the convexity of the damage function with respect to emissions in 
period 0, we need to know the sign of the second order derivatives. 

Define: 

^ y = Y*, (1 *ht) 'A-rr?- 1 = A^V1 (12) 

-J^- = ( l -o) e -*o«— = S„ — , s i t (13) 
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( l - ø ) •"UP, • C„, 0 < 8 i t (14) 

**-5(S*S)-Érø (15) 

We can then write equation (8) in the following way: 

de, (16) 

From this, we can derive the second order derivative: 

wl^Hy- l ) - T e £ Btsci (17) 

The first part of the right hand side of equation (17) is positive for y > 1 and T, > 0, while 
the second part is negative for T, > 0. T, is always positive for the numerical specifications 
chosen in the model. The second order derivative of the damage (unction with respect to C0 2 

emissions in period 0, is then positive or negative depending on which part of the right hand 
side of equation (17) dominates. 

The reason why the damage function is not always a convex function of C0 2 emissions in 
period 0, is due to the logarithmic specification in equation (3). Simply speaking, the damage 
function will be convex in C0 2 emissions if the concave part in equation (3) (due to the 
logarithm) is dominated by the convex part of equation (2) (due to the exponential 
specification). Using our numerical values, the damage function is concave in emissions in 
period 0 for y = 1, while it is convex in emissions for y > 2. For y = 2 the marginal damage 
is almost constant. 
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Appendix 3: 

Tables of complete results 

1. The noncooperative Nash equilibrium (% reduction from BAU) 

Damage = 1 £ % GWP 

USA OOECD USSR CHINA ROW TOTAL 

y = l 0.42 1.19 0.07 0.05 0.10 0.41 

Y = 2 0.86 2.39 0.14 0.11 0.27 0.84 

Y=3 1.62 4.42 0.27 0.18 0.67 1.60 

Damage = 2 % GWP 

USA OOECD USSR CHINA ROW TOTAL 

y = l 0.55 1.56 0.09 0.07 0.14 0.54 

y = 2 1.13 3.13 0.19 0.13 0.40 1.11 

y = 3 2.12 5.74 0.35 0.29 0.99 2.12 

Damage = 3 % GWP 

USA OOECD USSR CHINA ROW TOTAL 

T - l 0.82 2.28 0.13 0.10 0.25 0.80 

y = 2 1.67 4.57 0.28 0.19 0.71 1.66 

Y = 3 3.08 8.28 0.51 0.37 1.70 3.13 
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2. The social optimuin (% '«auction from BAU) 

Damage = 1.5 % GWP 

USA OOECD USSR CHINA ROW TOTAL 

Y = l 2.4 2.6 2.4 2.6 0.4 1.9 

Y=2 4.9 5.3 4.9 5.3 1.1 4.0 

Y=3 9.1 9.7 9.1 9.7 2.7 7.7 

Damage = 2 % GWP 

USA OOECD USSR CHINA ROW TOTAL 

Y = l 3.1 3.4 3.1 3.4 0.6 2.6 

y = 2 6.4 6.9 6.4 6.9 1.6 5.3 

y = 3 11.9 12.6 12.0 12.7 4.0 10.1 

Damage = 3 % GWP 

USA OOECD USSR CHINA ROW TOTAL 

Y = l 4.6 5.0 4.6 5.0 1.0 3.8 

Y = 2 9.4 10.0 9.4 10.1 2.8 7.9 

Y = 3 17.4 18.2 17.4 18.2 6.8 14.9 

t 
i 
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3. The gains from cooperation (% of BAU GDP) 

Damage = 1.5 % GWP 

USA OOECD USSR CHINA ROW TOTAL 

Y = l -0.000 0.005 -0.007 - 0.011 0.016 0.003 

7 = 2 -0.000 0.021 -0.030 -0.045 0.067 0.014 

7 = 3 -0.000 0.080 -0.110 - 0.158 0.234 0.051 

Damage = 2 % GWP 

USA OOECD USSR CHINA ROW TOTAL 

7 = 1 -0.000 0.009 - 0.012 - 0.019 0.028 0.006 

Y = 2 -0.000 0.038 - 0.053 -0.077 0.116 0.025 

7 = 3 0.000 0.141 -0.190 - 0.270 0.400 0.088 

Damage = 3 % GWP 

USA OOECD USSR CHINA ROW TOTAL 

7 = 1 -0.000 0.019 - 0.028 -0.040 0.061 0.013 

7 = 2 -0.000 0.086 -0.118 - 0.169 0.251 0.055 

7 = 3 0.005 0.312 -0.408 - 0.574 0.840 0.192 
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