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2ASTR, Université Catholique de Louvain. Email : vanypersele@astr.ucl.ac.be .

This research is part of the CLIMNEG/CLIMBEL projects funded by the Belgian
Federal Government, SSTC/DWTC contracts CG/DD/242 and CG/10/27a. The
authors wish to thank Johan Eyckmans, Henry Tulkens and Yves Smeers for careful
reading as well as their colleagues from UCL, KULeuven and Bureau Fédéral du
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Abstract

This paper deals with a a cooperative game theoretic analysis of the eco-
nomics of international agreements on climate change. To cope with the
question of the voluntary implementation of the international optimum, a
financial transfer scheme is proposed under which no countries nor subgroup
(coalition) of countries would have an interest not to join to the international
agreement. The transfer scheme presents the originality to be designed in
a closed-loop dynamic framework where cooperation is renegotiated at each
period taking account of the current stock of pollutant. The transfer scheme
is applied to the climate change problem, making use of a simple model in-
spired by Kverndokk (1994) and Nordhaus and Yang (1996). The results
show that with the proposed sidepayments, international cooperation is in-
deed individually rational and rational in the sense of coalitions.

Keywords : climate change, dynamic games, cooperative games, coalitions,
sidepayments.

JEL classification : C73, D62, F42, H23, Q2.



Introduction

This paper presents a cooperative game theoretic analysis of the economics of
international agreements on climate change. Due to the fact that the resorp-
tion of greenhouse gases in the atmosphere is very slow, this environmental
problem necessitates a dynamic approach. The issues raised by international
cooperation in a dynamic framework have already been addressed in the lit-
erature in terms of differential game theory concepts, as is done in e.g. van
der Ploeg and de Zeeuw (1992), Kaitala , Pohjola and Tahvonen (1992), Hoel
(1992), Tahvonen (1993), Petrosjan and Zaccour (1995), Nordhaus and Yang
(1996), Mäler and A. de Zeeuw (1998).

With exception of Petrosjan and Zaccour (1995), these contributions leave
aside the issue of the voluntary implementation of the international optimum.
Now this issue is important since no supranational authority can be called
upon to impose the optimum in a context where countries’ interest in coop-
eration diverges strongly between one another. This is especially the case if
some countries loose when the international optimum is implemented.

To overcome this difficulty, some authors have suggested that financial
transfers between the countries involved would provide incentives towards
cooperation. Using the core concept of cooperative game theory, Chander
and Tulkens (1995, 1997) in a static context and Germain et al. (1998) in a
dynamic context have proposed a transfer scheme that makes international
cooperation rational from the point of view of a country considered individu-
ally or of a coalition1. I.e. no country or subset of countries can be better off
by itself than at the international optimum with transfers. Using a simplified
version of the RICE model2 of Nordhaus and Yang (1996), Eyckmans and
Tulkens (1999) have recently applied Germain et al. (1998)’s scheme to the
climate change problem.

Germain et al. (1998) and Eyckmans and Tulkens (1999)’s results are
obtained in the context of open-loop differential games. They thus rest on
the restrictive assumption that negociations take place once and for all and
that agreements are binding until the end of the planning horizon. This
may appear as an important drawback for many environmental problems, in
particular in the climate change framework. Another drawback is that the
transfers are defined as lump sums. The question of their distribution along
time is left open. Using closed-loop differential games, Germain et al. (1999)
have managed to overcome this difficulty and proposed a transfer scheme in

1In the framework of a pollution permits market, this transfer scheme takes the form
of an initial allocation of permits.

2RICE holds for Regional Integrated model of Climate and the Economy.
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a context where cooperation is renegotiated at each period, in other words
where countries reevaluate at each time the interest of cooperation taking
account of the current stock of pollutant.

The aim of this paper is to apply Germain et al. (1999)’s theoretical re-
sults to the climate change problem. Therefore, we use a simplified version of
the RICE model of Nordhaus and Yang (1996). Section 1 starts by presenting
the model, which consists of a set of 5 climatic and economic equations. We
then describe two modes of behaviour, corresponding to the international op-
timum and to the non-cooperative feedback Nash equilibrium, and the trans-
fer mechanism developed by Germain et al. (1999). Section 2 first presents
the data, borrowed from Nordhaus and Yang (1996), Eyckmans and Tulkens
(1999) and Kverndokk (1994). Follows a short description of the algorithm
developed to solve the model. Section 3 presents the results, first for the ref-
erence scenario. We verify if the transfers indeed yield coalitional rationality
and compare the results with what happens in the open-loop framework.
Due to the uncertainty around the functional forms and parameter values
of the model, we proceed to a sensibility analysis of the results to changes
in the discount rate and in certain damage function parameters. Section 3
ends with a simulation that takes account of certain critiques of Kaufmann
(1997)3 that suggest that certain hypothesis underlying the reference case,
and which concern a.o. the evolution of the energy/output coefficient and
the rate of decay of CO2 in the atmosphere, are too optimistic. The last
section is the conclusion.

1 The model

1.1 The equations

The model is written in discrete time. Consider n countries or regions of
the world indexed by i ∈ N = {1, 2, ..., n} and some planning period T =
{1, 2, ..., T} (T a positive and finite integer). Our analysis is limited to the
principal greenhouse gas, i.e. CO2. In each region, CO2 emissions are due
to economic activity and are denoted by Et = (E1t, ..., Ent)

′. Emissions of
region i at time t are given by :

Eit = σit[1− µit]Yit (1)

σit and Yit are the CO2 emissions/output ratio and the output of country i
at time t, respectively. These are exogenous variables of the model, whereas

3Originally adressed to Nordhaus’ DICE model (1994).
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µt = {µ1t, ..., µnt} (0 ≤ µit ≤ 1, ∀i, ∀t) is the vector of the rates of control of
the emissions in each country at time t and is endogenous. µt = 0 (∀t) deter-
mines the ”business-as-usual” (BAU) scenario in this model, i.e. a trajectory
in which the emissions are not reduced with respect to their maximum values.

The emissions contribute to the stock of CO2 in the atmosphere according
to the following equation :

Mt+1 −M0 = [1− δ][Mt −M0] + β
n∑
i=1

Eit (2)

where M0 is the preindustrial level of the stock and is given. δ is the rate
of decay of CO2 in the atmosphere (0 < δ < 1), and β is the marginal
atmospheric retention ratio of CO2 (0 < β < 1). The stock M influences in
turn the variation of the atmospheric temperature w.r.t. to its pre-industrial
level, ∆T :

∆Tt = γln
(
Mt

M0

)
(3)

where γ is an exogenous positive parameter. The two last equations form
the climate part of the model.

The next two equations describe the economic part of the model, i.e. the
costs of reducing the emissions of CO2 on the one hand, and the costs of the
damages due to climate change on the other. The abatement cost function
of country i is given by

Cit(µit) = ai1µ
ai2
it Yit (4)

Damages due to climate change are assumed to follow from the increase of
the atmospheric temperature according to

Dit(∆Tt) = bi1∆T bi2t Yit

which given (3), may be rewritten as

Dit(Mt) = bi1

(
γln

(
Mt

M0

))bi2
Yit (5)

The parameters ai1, ai2, bi1 and bi2 (i ∈ N ) are exogenous and positive.

From the above equations, it is clear that the damages suffered by country
i will depend on the CO2 emissions of all countries. In what follows, we
will consider two different modes of behaviour of the countries. A first one
assumes that they behave in a cooperative way, i.e. each of them takes
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account of the impact of its emissions on itself as well as on all other countries.
Under the alternative hypothesis, countries behave on the contrary in a non-
cooperative way and do not take fully account of the impact of their emissions
on others.

1.2 The international optimum

We first solve the model under the assumption that the regions collaborate at
the international level. In this case, one solves at each period of time t ∈ T
the following problem :

min
{µs}s∈{t,...,T}

{
T∑
s=t

n∑
i=1

αs[Cis(µis) + αDi,s+1(Ms+1)]

}
(6)

subject to the constraints (1) to (5) and to 0 ≤ µit ≤ 1, (∀i ∈ N , ∀t ∈ T ).
µt = (µ1t, ..., µnt) is the vector of abatement rates and α is the discount
factor (0 < α ≤ 1)4. In words, countries choose jointly the optimal rates of
abatement of CO2 emissions in order to minimize their total discounted costs.

According to Bellman’s principle of optimality, the solution can be found
by solving the dynamic programming equations

WT (MT ) = min
µT

{
n∑
i=1

[CiT (µiT ) + αDi,T+1(MT+1)]

}
(7)

Wt(Mt) = min
µt

{
n∑
i=1

[Cit(µit) + αDi,t+1(Mt+1)] + αWt+1(Mt + 1)

}
, t = 1, 2, ..., T−1

(8)
subject to the constraints (1) to (5) and to 0 ≤ µit ≤ 1, ∀i ∈ N , ∀t ∈ T . In
(7) and (8), W is called the value function. As the total costs of all countries
are minimized, the resulting trajectories of emissions and stock constitute
the international optimum.

1.3 The non-cooperative Nash equilibrium

In an alternative mode of behaviour, one could assume that countries behave
non-cooperatively in the sense of a Nash equilibrium, where each of them
minimizes at each period only its own discounted costs given the emissions
of the other countries. This means that at each period of time t ∈ T , country
i (i ∈ N ) solves the following problem :

4The delay of one period between the time indexes of the abatement and damage
functions in (6) is due to the delay appearing in (2) between emissions and the increase in
the stock of CO2 that follows from these emissions.
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min
{µis}s∈{t,...,T}

{
T∑
s=t

αs[Cis(µis) + αDi,s+1(Ms+1)]

}
(9)

subject to the constraints (1) to (5), 1 ≥ µit ≥ 0 (∀t ∈ T , ∀i ∈ N ), and µjt
(j 6= i) given. Within the framework of dynamic programming this leads to
the value functions

NT (MT ) = min
µT
{[CiT (µiT ) + αDi,T+1(MT+1)]} (10)

Nt(Mt) = min
µt
{[Cit(µit) + αDi,t+1(Mt+1)] + αNt+1(Mt + 1)} , t = 1, 2, ..., T−1

(11)
under the constraints (1) to (5) and 1 ≥ µit ≥ 0 (∀t ∈ T , ∀i ∈ N ). The value
functions Ni characterize the costs-to-go at this equilibrium for each country
i. Within the framework of dynamic programming, this leads to a solution
called a non-cooperative feedback Nash equilibrium (Başar and Olsder, 1995).

At the international optimum, and contrary to what happens at the Nash
equilibrium, each country takes account of the impact of its pollution on the
environment of all other countries. Therefore, from a collective point of view,
the optimum is better than the feedback Nash equilibrium. Nothing ensures,
however, that this is also true at the individual level. Indeed, countries being
different, it is possible that some country at some time t is better off at the
non-cooperative equilibrium than at the optimum, so that cooperation is not
profitable for this country (at least at time t). The same can occur for sub-
sets of countries - i.e. coalitions - in the sense that, by limiting cooperation
to such coalitions, the members of the latter could be better off than at the
international optimum.

In a dynamic programming framework, Germain et al. (1999) propose a
mechanism of financial transfers between countries that can make each one of
them interested in cooperating at all periods t (individual rationality). This
mechanism has the additional property that no sub-group of countries has
ever an incentive to form a coalition (coalition rationality). In the present
paper, our aim is to apply the mechanism proposed by Germain et al. (1999)
to the climate change problem. So we now briefly explain how it works.

1.4 Financial transfers to sustain international coop-
eration

Germain et al.’s transfers mechanism is built by backward induction. They
first define financial transfers that induce cooperation for the final period. For
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that period, the fall-back position of each country when no transfers occurs is
supposed to be the non-cooperative Nash equilibrium. Taking account of the
stock inherited from the past MT , transfers are written at time T as follows:

θiT (MT ) = −[CiT (µ∗iT )− CiT (µviT )] + ηi,T+1(M∗
T+1)

n∑
j=1

[CjT (µ∗jT )− CjT (µvjT )]

(12)
where by definition

ηi,T+1(M∗
T+1) =

D′i,T+1(M∗
T+1)∑n

j=1 D
′
j,T+1(M∗

T+1)
(13)

θiT is the transfer paid or received by country i at time T . µ∗iT and µviT
are the values of the abatement rates of emissions at the optimum and at
the Nash non-cooperative equilibrium respectively (see (7) and (10)). M∗

t+1

results from the optimal abatement rates through (2). As shown by (12),
the transfer consists of two parts : the first term is a payment to country
i that covers the increase in abatement costs between the non-cooperative
equilibrium and the optimum, while the second term is a payment by coun-
try i of a proportion ηi,T+1(M∗

T+1) of the total of these differences over all
regions. These sharing parameters are positive and sum up to one, so that
the transfers defined by (12) are balanced. It is important to underline that
the transfers induce cooperation whatever the stock inherited from the past
MT .

For the preceding period T − 1, the mechanism does not keep the Nash
equilibrium as the point of reference, because this equilibrium assumes non-
cooperation in the future. In other words, it neglects the fact that countries
know that later on, thanks to the cooperative transfers to which they will
have access, they will be better off than at the non-cooperative Nash equi-
librium. Hence, a better point of reference at time T − 1 is to suppose
non-cooperation at time T − 1, followed by cooperation at time T . By back-
ward induction, this extends for all periods t < T .

Formally, we suppose that if they do not cooperate at time t, each country
i (i ∈ N ) calculates at time t the following value function:

Vit(Mt) = min
µit

{
[Cit(µit) + αDi,t+1(Mt+1)] + αW̃i,t+1(Mt+1)

}
(14)

subject to the constraints (1) to (5) and to 0 ≤ µit ≤ 1, with µjt given
∀j (j 6= i), and where by definition
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W̃i,t+1(Mt+1) =
T∑

s=t+1

{
αs[Cis(µ

∗
is) + αDi,s+1(M∗

s+1) + θi,s(M
∗
s )]
}

(15)

In these expression, Mt is the inherited stock of atmospheric CO2 at the be-
ginning of period t. {M∗

s , s = t+1, ..., T +1} is the optimal trajectory of the
stock starting at Mt. W̃i,t+1(Mt+1) represents the optimal total discounted
costs suffered by country i from t+1 to the end of the planning period, taking
account of the transfers θi,s (s ≥ t + 1) it may expect in the future due to
international cooperation (to be defined below). The equilibrium obtained
by the simultaneous resolution of the n problems (14) is called the fallback
non-cooperative equilibrium at time t.

Germain et al. (1999) define the transfers at time t as functions of the
solutions obtained at the international optimum and at the fallback non-
cooperative equilibrium. More precisely,

θit(Mt) = −[Cit(µ
∗
it)− Cit(µvit)] + ηi,t+1(M∗

t+1)
n∑
j=1

[Cjt(µ
∗
jt)− Cjt(µvjt)] (16)

The transfers at time t keeps the same form as for period T , except that the
sharing parameters ηi,t+1 are now defined in the following way :

ηi,t+1(M∗
t+1) =

F ′i,t+1(M∗
t+1)∑n

j=1 F
′
j,t+1(M∗

t+1)
(17)

where by definition

Fi,t+1(Mt+1) = Di,t+1(Mt+1) + W̃i,t+1(Mt+1). (18)

The sharing parameters are positive and sum up to one, so that the transfers
defined by (16) are balanced. At each period of time t and whatever the
inherited stock at the beginning of t, Mt, the transfers defined by (16-18)
make each country better-off at the international optimum than at the fall-
back non-cooperative equilibrium defined by (14). So that starting at the
last period, cooperation extends recursively and the international optimum
prevails at all periods5. Furthemore, with such transfers defined by (16-18),
Germain et al. (1999) were able to show that cooperation is rational in the
sense of coalitions, i.e. the members of any coalition would suffer a total cost
higher than what they would obtain at the optimum with transfers.

5In the absence of any unexpected incident, the stock of pollutant will thus follow
the optimal trajectory {M1,M

∗
2 , ...,M

∗
T+1}. If at some period t, an unexpected incident

happens such that Mt+1 6= M∗t+1, one must recalculate the transfers for the periods {t +
1, ..., T} starting at Mt+1.
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2 Numerical issues

2.1 Data

Data are mainly issued from the RICE model (Nordhaus and Yang, 1996)
and from Kverndokk (1994). The division of the world is the same as in
the RICE model. There are 6 countries or regions6 : 1. USA, 2. Japan, 3.
European Union (EU), 4. China, 5. Former Soviet Union (FSU), 6. Rest
of the World (ROW). Time is divided in decades. The initial period (period
1) reffers to decade 1991-2000. To take account on the long term impacts
of climate change, we take a long planning horizon of 310 years, but we will
only consider results until 2100 in order to avoid boundary problems.

We now describe the exogenous parameters appearing in the equations of
the model (1) to (5). Initial output (i.e. 1990 GDP) of the different regions
are taken from Nordhaus’ model and are given by

y1990 = [5464.796, 2932.055, 6828.042, 370.024, 855.207, 4628.621]

(in billion 1990 US$). Annual output growth rates are inspired from Kvern-
dokk (1994) and are given in the appendix. Given y1990 and these annual
growth rates, it is easy to calculate Yit, (∀i ∈ N , ∀t ∈ T ), the cumulative
output of region i during decade t.

Initial CO2 emissions in the absence of any control are taken from the
RICE model :

Ē1990 = [1.37, .29 .872, .805, 1.066, 3.43]

(in billion tons of carbon). This vector is supposed to vary over time accord-
ing to annual emission growth rates inspired from Kverndokk (1994) and
given in the appendix. As these rates converge asymptotically to the same
values as the output growth rates do, one assumes that there is a declining
trend in energy efficiency progress. Given Ē1990 and these annual emissions
growth rates, it is easy to calculate σit (∀i ∈ N , ∀t ∈ T ), that is the CO2
emission/output ratio of region i during decade t.

The following parameters are taken from the RICE model. M0, the prein-
dustrial level of the CO2 atmospheric stock, is equal to 590 billion tons of
carbon equivalent. δ, the rate of decay of CO2 in the atmosphere, is equal
to .0833 per decade, while the marginal atmospheric retention ratio of CO2

6In the following, we will indifferently speak of countries or regions.
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β = .64 . γ = 2.5/ln(2) is calibrated such that a doubling of the CO2 at-
mospheric concentration results in an increase of temperature of 2.5 degrees
with respect to its preindustrial level.

Parameters characterizing damage and abatement cost functions (4) and
(5) are derived from Eyckmans and Tulkens (1999) and are given by the
following table.

i USA JAP EU CHI FSU ROW
ai1 .07 .05 .05 .15 .15 .1
ai2 2.887 2.887 2.887 2.887 2.887 2.887
bi1 .01102 .01174 .01174 .015523 .00857 .02093
bi2 1.5 1.5 1.5 1.5 1.5 1.5

Finally, the discount factor per decade α is equal to 1/(1 + ρ)10, where
the annual discount rate ρ is chosen to be .02.

2.2 The algorithm

The algorithm developed by Germain et al (1999) and applied here proceeds
by backward induction7. The basic idea is to construct explicit approxima-
tions for the value functions W̃it(Mt), i ∈ N , t ∈ T as polynomial functions
of Mt, by using classical regression.

The first step of the algorithm is to solve the optimisation problem (6)
associated with the international optimum. This is done by using traditional
nonlinear programming techniques and leads to the optimal trajectories of
the abatement rates µ∗it (i ∈ N , t ∈ T ) and of the CO2 stock M∗

t (t ∈ T ).

The second step consists of computing the financial transfers, and this
supposes to solve the dynamic programming problems associated to the fall-
back non-cooperative equilibrium8. As the algorithm proceeds backwards,
this is first done for the final time T using the system of first order condi-
tions associated to problems (10). Hence one obtains the non-cooperative
abatement rates µviT , the transfers θiT (MT ) and the discounted total costs
(transfers included) W̃iT (MT ) (i ∈ N ) as functions of the CO2 stock MT

inherited at the beginning of time T .

7All computations were made by use of the sofware Matlab.
8There are a priori no guarantee that the objectives in (14) are correctly shaped.

Nevertheless, we were able to verify numerically that this was indeed the case in all our
simulations.
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The resolution for period T of the dynamic programming problems (10)
is repeated for a set ST of given values of the inherited CO2 stock. This set
is chosen to be representative of the interval of possible values of MT . Once
the values W̃iT (MT ) (i ∈ N ) have been calculated on the set ST , the value
functions W̃iT are written as polynomials of MT and regressed on ST . So that
the functions W̃iT are approximated with explicit analytical functions of MT .

Step 2 of the algorithm is repeated for period T −1, T −2,... until period
1. At each period, one calculates the fallback non-cooperative equilibrium
by solving the system of first order conditions associated to problems (14).
To do so at time t, the algorithm makes use of the polynomials regressed for
time t+ 1.

Once the value functions W̃it are known as functions of Mt for all times
of the planning period T = {1, ..., T}, the algorithm performs its third step,
i.e. the computation of the actual values of these value functions and of the
transfers for all regions all along the optimal trajectory M∗

1 , ...,M
∗
T calculated

at step 1.

3 Results

3.1 The reference scenario

We present in this subsection the reference scenario which corresponds to
the values of the parameters given in subsection 2.1. The simulations are
made for a time horizon of 310 years, but we give the results only up to 2110
(i.e. for the first 12 decades). Figure 1 shows the optimal rates of emission
abatement per country (µt) for the reference case. These rates vary widely
between the regions and are not negligeble : between 10 and 20% for the
OCDE countries (EU, Japan, USA) up to nearly 60% at the end of the 21th
century for China, with intermediated values for Rest of the World (ROW)
and Former Soviet Union (FSU).
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Figure 1 : Optimal abatement rates

Table 1 gives the optimal average emissions per decade per region. The
last row gives the cumulated emissions per country until the end of the hori-
zon (in billion tons). One observes the contrasting evolution of the emissions
of ROW and China on the one hand, and of the other countries on the other.
This is particularly remarquable for China, as it has the fairly highest rate
of abatement. But in term of emissions per head (total emissions divided by
population), the picture is different as shown by Figure 2. Even if there is a
spectacular catch-up of China and ROW, USA remains the most polluting
country by inhabitant.
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Table 1 : Average annual emissions (in billion tons/year)

t USA Japan EU China FSU ROW total
1 1.1904 0.2643 0.7721 0.6039 0.8390 2.8746 6.5443
2 1.3027 0.2835 0.8276 0.8357 0.9599 3.6163 7.8258
3 1.4091 0.3027 0.8831 1.1524 1.0743 4.5360 9.3575
4 1.5062 0.3214 0.9368 1.5457 1.1828 5.5610 11.0539
5 1.5956 0.3397 0.9896 2.0307 1.2869 6.7058 12.9484
6 1.6944 0.3597 1.0474 2.6827 1.4069 8.1206 15.3118
7 1.7866 0.3790 1.1030 3.4048 1.4997 9.5080 17.6810
8 1.8726 0.3975 1.1564 4.1875 1.5660 10.8351 20.0149
9 1.9653 0.4173 1.2138 5.1670 1.6401 12.3701 22.7736
10 2.0156 0.4277 1.2445 6.2179 1.6887 13.7581 25.3525
11 2.0285 0.4298 1.2517 7.3409 1.7136 14.9901 27.7546
12 2.0428 0.4321 1.2596 8.6954 1.7412 16.3591 30.5302

total 204.100 43.546 126.856 438.645 165.991 1092.347 2071.485

Figure 2 : Average annual emissions per head (in tons/man/year)

Figure 3 gives the evolution of the optimal temperature and of the BAU
(business-as-usual, i.e. no abatement of emissions) temperature. Under the
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cooperative (optimal) hypothesis, one observes that global warming accel-
erates in the first half of the 21th century, then progresses linearly in the
second half, ending up with an increase of 3.36 ◦C around 2100. This is half
a degree higher than what Nordhaus and Yang (1996) obtain in their coop-
erative scenario (2.84 ◦C). Compared to the BAU hypothesis, the optimal
policy leads to a not negligible decrease of one degree at the end of the 21th
century (3.36 ◦C instead of 4.39 ◦C).

Figure 3 : Optimal and BAU temperature increase (in ◦C)

Figures 4 and 5 show the optimal abatement and damage costs per coun-
try respectively (in billion 1990 US$). All quantities are increasing functions
of time, but their patterns differ widely. Abatement costs increase much
more rapidly for China and ROW than for the other regions. The growth
of abatement costs of industrialized regions tends even to slow in the second
half of the 21th century. On the damage costs side, one observes ROW at the
first place, far beyond its immediate followers, EU and USA. On the contrary,
FSU does not suffer very much from climate change compared to the others.
When compared to each other, it appears that damage costs increase quicker
than abatement costs for all countries. The fractions Cit/Dit (i ∈ N , t ∈ T )
are in general clearly less than 1. Exceptions are China (for all t) and FSU
(in the first half of the 21th century).
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Figure 4 : Abatement costs (in billion 1990 US$)

Figure 5 : Damage costs (in billion 1990 US$)
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Figure 6 gives the profile of the financial transfers between countries. A
negative (positive) transfer is a transfer received (given). Four regions (USA,
Japan, EU and ROW) pay at each period a transfer to China and FSU to
induce these regions to cooperate. It is interesting to observe that the trans-
fers given by the donators represent a relatively small (decreasing with time)
fraction of the sum of their abatement and damage costs (generaly less than
10%). But received transfers may represent a important (though decreasing)
fraction of the abatement and damage costs of the receivers (more than 30%
for the first periods).

Figure 6 : Financial transfers (in billion 1990 US$)

These transfers are necessary, as confirmed by Figure 7 which shows for
each country the difference between the optimal total discounted costs with-
out current financial transfers (i.e. Wit) on the one hand, and the total
discounted costs characterizing the fallback non-cooperative equilibrium on
the other (i.e. Vit). The picture is clear : at each period t, 4 regions win from
international cooperation (USA, Japan, EU and ROW) while 2 loose (China
and FSU). In other words, even if there are tranfers ensuring cooperation
after t, China and FSU have without current transfers no interest to extend
cooperation to current period t. But when one compares the value functions
Vit and W̃it (see Figure 8), where W̃it is the optimal total discounted costs
with current transfers of country i at time t, it appears that all countries
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have interest to cooperate at time t.

Figure 7 : Wit − Vit (in billion 1990 US$)

Figure 8 : W̃it − Vit (in billion 1990 US$)
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The fact that Vit ≥ W̃it (∀i ∈ N , ∀t ∈ T ) enduces that each country
considered individually has interest to cooperate at the international level.
It is not sufficient though to ensure that a coalition of countries cannot do
better by itself than what these countries would obtain at the international
optimum with transfers. Under certain conditions (a.o.t. the convexity of the
functions Fit defined by (18)), Germain et al. (1999) were able to establish
theoretically that transfers defined by (16-18) make cooperation rational in
the sense of coalitions. Unfortunately, these conditions do not apply here9, so
we have tested numerically if coalitional rationality indeed prevails. To do so
and in an analogous framework as in Chander and Tulkens (1995, 1997) and
Germain et al. (1999)10, we considered at all period all possible coalitions
(i.e. subsets) S ∈ N , computed the total discounted cost S could obtain by
itself and compared this cost with what the members of S could obtain at
the optimum with transfers. The results show that at least in the reference
scenario, no coalition can at any period t (t = {1, 2, ...12} do better by itself
than what its members obtain at the optimum with transfers, so that the
transfers indeed make cooperation rational in the sense of coalitions in the
present model.

We now compare the negotiation process described in this paper with the
open-loop case, where the countries negotiate once and for all at the begin-
ning of the planning period. Following Germain, Toint and Tulkens (1998),
one can define the following transfers that will ensure that all countries are
interested to cooperate in the open-loop framework :

Θi = −
T∑
t=1

αt[Cit(µ
∗
it)−Cit(µoit)]+

T∑
t=1

αt
D′i,t+1(M∗

t+1)∑n
j=1 D

′
j,t+1(M∗

t+1)

n∑
j=1

[Cjt(µ
∗
jt)−Cjt(µojt)]

(19)
where µoit (i ∈ N , t ∈ T ) is the abatement rate of country i at time t charac-
terising the non-cooperative open-loop Nash equilibrium11. Table 3 summa-
rizes the results:

9The functions Fit defined by (18) are not convex.
10In short, it is supposed that if a coalition S (S ∈ N ) forms, it minimizes at each

period the sum of the total discounted costs of its members, while the countries out of S
stay at the fallback non-cooperative equilibrium (i.e. each of them minimizes its own total
discounted costs).

11Not to be confused with the feedback Nash equilibrium defined in section 1.3.
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Table 3 : comparison with the open-loop case (values in billion 1990 US$)

USA Japan EU China FSU ROW∑
t θit 1186.5 655.2 1466.6 -4862.8 -531.1 2085.5
Θi 1289.3 711.0 1595.6 -5084.9 -518.6 2007.5

Row 1 gives the sum of transfers given or received by the different countries
all along the planning period in the feedback case. Row 2 gives the transfers
calculated by formula (19). The comparison of the two rows shows that the
sum of transfers given by the donators to compensate China and FSU are
lower in the feedback case than in the open-loop case. Nevertheless, they
are of the same magnitude. This confirms that although less realistic, the
open-loop solution remains interesting because it is much easier to compute
and can give a relatively good approximation of the closed-loop solution (Fu-
denberg and Tirole, 1993).

3.2 Sensitivity analysis

Due to the uncertainty surrounding the functional forms and parameter val-
ues used in the simulations, it is important to proceed to a sensibility analysis.
It is well known in the climate change literature that results can be very sen-
sitive to the discount rate. This is also the case here. If one sets ρ = .01
(respectively ρ = .03) instead of ρ = .02 for the reference scenario, one ob-
serves a significative increase (resp. decrease) of the abatement rates of all
countries. This increase (resp. decrease) of the abatement rates translates
of course itself in lower (resp. higher) temperature profiles. Table 4 sums up
the comparative values of the abatement rates and of the temperature for
t = 12 (the first line corresponds to the reference scenario).

Table 4 : Sensitivity analysis : abatement rates and temperature

scenario µ1,12 µ2,12 µ3,12 µ4,12 µ5,12 µ6,12 ∆T12

1 ref 0.1799 0.1448 0.1651 0.5785 0.3324 0.3649 3.3662
2 ρ = .01 0.2494 0.2006 0.2289 0.8018 0.4606 0.5057 2.8607
3 ρ = .03 0.1439 0.1158 0.1321 0.4628 0.2659 0.2919 3.5991
4 b62 = 1 0.1502 0.1209 0.1379 0.4831 0.2775 0.3047 3.5288
5 b62 = 2 0.2172 0.1747 0.1994 0.6983 0.4012 0.4404 3.1726
6 b61 = .010 0.1504 0.1210 0.1380 0.4835 0.2778 0.3049 3.5516
7 b61 = .042 0.2339 0.1882 0.2147 0.7521 0.4321 0.4743 3.0119
8 pess 0.2980 0.2184 0.2492 0.6254 0.4656 0.4382 4.3726
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What happens to the financial transfers ? When ρ decreases, optimal
abatement efforts increases. W.r.t. the reference scenario, China and FSU
loose more from cooperation. It is then not surprising that the winning re-
gions (USA, Japan, EU and ROW) have to pay higher transfers to convince
China and FSU to cooperate. The contrary happens of course when the
discount rate increases. Table 5 summarizes the values of the transfers for
t = 12 for the different simulations.

Table 5 : Sensitivity analysis : transfers

scenario θ1,12 θ2,12 θ3,12 θ4,12 θ5,12 θ6,12

1 ref 88.79 45.17 102.58 -357.02 -20.50 140.99
2 ρ = .01 674.55 343.14 779.28 -2648.86 -155.31 1007.20
3 ρ = .03 15.96 8.12 18.44 -64.95 -3.68 26.12
4 b62 = 1 81.65 39.90 91.52 -184.37 -8.75 -19.95
5 b62 = 2 92.27 50.36 112.51 -672.78 -42.51 460.16
6 b61 = .010 79.80 39.06 89.56 -186.40 -9.01 -13.01
7 b61 = .042 102.22 56.93 126.61 -844.96 -54.10 613.30
8 pess 95.40 66.47 146.18 -420.58 -67.67 180.20

It is also well known that there is a lot of uncertainties around the damage
functions Dit(∆Tt) (see a.o. Nordhaus and Yang, 1996). So some sensibility
analysis of the results to variation of the parameters of these functions is
important. Due to the increasing weight with time in terms of production
and population of ROW, and also because ROW is a wide agglomerate of
heterogenous countries, we choosed to modify the parameters of its damage
function, keeping the other damage functions unchanged. Table 4 and 5 sum-
marizes the impact on these modifications on abatement rates, temperature
and transfers when t = 12.

Lines 4 of these tables show what happens when the exponent term b26

is set to 1 (instead of 1.5 in the base case). As the damages suffered by
ROW do not increase with temperature as quickly as in the reference case,
the incentive to abate is lower and one observes that indeed the abatement
rates of all countries are lower. Thus the stock of GES and the temperature
increases quicker than in the reference case. An interesting feature appears
at the level of the transfers : ROW becomes a receiver of transfers. This
can be explained by analysing formulas (1.10-12) defining the transfers. If
b26 decreases, marginal damages to ROW decrease at all periods, so that
the first order derivatives of the functions F6t decrease for all t, so that the
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sharing parameters η6t (t ∈ T ) decrease in their turn. This implies that the
contribution of ROW to the overall increase of abatement costs (the second
term of the right hand side of (1.10) for i = 6) declines, with the consequence
that θ6t changes of sign.

When b26 is set to 2, the contrary of what is described in the preced-
ing paragraph happens (see Tables 4 and 5, line 5). Ceteris paribus, costs
of damages due to global warming suffered by ROW rise, so that optimal
abatement rates increase for all countries, especially for China, FSU and
ROW, and temperature increases. ROW has now even more interest in an
international agreement on an optimal policy than in the reference case. This
explains why the transfers payed by ROW increase spectacularly, in partic-
ular in direction of China, the country whose abatement rate rises most.

The observations of what happens when the multiplicative term of the
damage function of ROW is modified are quite similar to those of the two
preceding paragraphs. Lines 6 and 7 of Tables 4 and 5 give the values ob-
tained when b16 is divided (respectively multiplied) by 2. In line 6 of Table
5, one observes once more that ROW becomes a receiver of transfers. When
b16 is multiplied by 2, it appears that USA is also a receiver at the beginning
of the planning period (but this is only a transitory phenomenon).

3.3 A more pessimistic scenario

The last simulation is of a different nature of the preceding ones, in the sence
that it does not limit itself to a modification of a parameter. If follows from
some critiques originally adressed by Kaufmann (1997) to Nordhaus’DICE
model (Nordhaus, 1994 ). The two critiques we shall analyse here concern the
evolution of the energy per unit of output coefficient on the one hand, and the
rate of decay of CO2 in the atmosphere on the other. In summary, Kaufmann
considers that the DICE model is too optimistic in its expectations on future
technical progress in terms of the fraction energy/output , and that it over-
estimates the natural rate at which CO2 are resorped from the atmosphere
(in particular through its exchanges with the oceans) by ignoring a kind
of saturation effect. Given our own hypothesis, these critiques could also
be adressed in the present framework. To cope with the first one, we follow
Kaufmann and assume that the energy per unit of output coefficient observed
in 1990 remains constant. To cope with the second critique, we endogenize
the parameter δ (see (1.2)) following Kverndokk (1994) :

δt =
10

Lt
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where Lt is the life-time of CO2 in the atmosphere and which is supposed to
evolve linearly in function of time like :

Lt = 120 + 10(180/250)(t− 1)

Line 8 of Table 4 and 5 describe the results. With respect to the reference
case, abatement rates increase for all countries significatively. Less technical
progress in terms of output per unit of energy and a lower ability of resorp-
tion of CO2 means more pollution, thus more incentive to depollute. But
despite the increase in abatement efforts, temperature rises by about 1 ◦C
at the end of the 21th century compared to the base case. This means more
than 4 ◦C with respect to its pre-industrial level. Transfers increase also,
and this follows from the growth of the abatement rates, in particular of the
loosing countries from cooperation China and FSU. But their order of mag-
nitude remains similar as in the base case (at least compared to other lines of
Table 5). Thus the corrections suggested by Kaufman based on his critiques
of Nordhaus’ hypothesis seem to have more impact on certain physical values
like temperature than on economic quantities like transfers. These seem to
be more sensible to the discount rate or to variation in the damage functions.

Conclusion

The aim of the present paper was to present a dynamic financial transfers
mechanism able to sustain international cooperation in the climate change
framework. This was illustrated with a simplified version of the RICE model
of Nordhaus and Yang (1996) in which the world is divided in 6 regions :
USA, Japan, European Union (EU), China, Former Soviet Union (FSU) and
Rest of the World (ROW). In all simulations, it appeared that transfers were
necessary to induce cooperation. In the reference scenario, transfers are paid
to China and FSU by the 4 other regions. But the sensibility analysis has
shown that a donator in the reference scenario could become a receiver in
another context. It has also shown that the amounts of the transfers are
particularly sensitive to the discount rate even if the receivers remain the
same as in reference scenario. If the damage function of ROW is modified,
transfers mainly change at the level of ROW and China, the others staying
relatively stable.

If one follows the critiques of Kaufmann (1997) suspecting that the ref-
erence case is too optimistic as regards the evolution of the energy/output
coefficient and the rate of decay of CO2 in the atmosphere, the structure of
transfers remains stable, except again for China and ROW, whose amount
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received or payed is much higher. We also verified numerically that the trans-
fers make international cooperation rational in the sense of coalitions, and
that they are roughly of the same magnitude than in the open-loop frame-
work.
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Appendix

Table A.1 : Average annual output growth rates (in %)

period USA JAP EU CHI FSU ROW
1990-2000 2.60 2.20 2.20 4.60 2.60 3.70
2000-2020 2.20 1.70 1.70 4.40 2.10 3.40
2020-2050 1.60 1.30 1.30 3.40 1.60 2.70
2050-2080 1.00 1.00 1.00 2.50 1.00 1.50
2080-2110 1.00 1.00 1.00 2.00 1.00 1.00
2110-2140 0.80 0.80 0.80 1.50 0.80 0.80
2140-2230 0.50 0.50 0.50 1.00 0.50 0.50
2230-2300 0.50 0.50 0.50 0.50 0.50 0.50

Table A.2 : Average annual emission growth rates (in %)

period USA JAP EU CHI FSU ROW
1990-2000 1.10 0.80 0.80 3.70 1.90 2.50
2000-2020 0.80 0.70 0.70 3.50 1.30 2.40
2020-2050 0.60 0.60 0.60 3.20 1.00 2.00
2050-2080 0.50 0.50 0.50 2.50 0.50 1.50
2080-2110 0 0 0 2.00 0 1.00
2110-2140 -1.00 -1.00 -1.00 1.00 -1.00 0
2140-2230 -1.00 -1.00 -1.00 0.50 -1.00 0
2230-2260 -1.00 -1.00 -1.00 0 -1.00 -1.00
2260-2300 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00
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