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Background

There are two branches of literature on the role of international

permit markets in climate policy:

1. Empirical analyses of the costs of abatement measures and

the role of international permit markets in minimizing abatement

costs (Manne and Richels, Oliviera-Martins et al., Jacoby eta al.,

etc.)

• Explicit representation of the sectors of economic sectors

which are the sources of the pollution (fossil fuel markets,

energy-intensive goods).



• Recognition of the importance of international trade – re-

gional policies induce changes in the prices of a number of

internationally traded goods (steel, cement, petrochemical

products, etc.).

• Subglobal abatement policies affect energy prices, inducing

increases in emissions abroad (carbon leakage).

• Abatement targets and permit markets are exogenous to the

model.



2. Strategic analyses studying the determinants of effective
international policy (Barrett, Carraro, Helm, Hoel, Chander &
Tulkens)

• Environmental policies are usually modeled as games in na-
tional emission levels.

• In the absence of international institutions which can enforce
a globally efficient policy, coalitions are needed to address
global policy. Coalition members behave cooperatively once
they have decided to particpate, but their decision to partic-
ipate is selfish.

• Most analysis is based on stylized, partial equilibrium, game-
theoretic models.



Helm (2003) proposes a theoretical model in which burden shar-

ing within an abatement coalitions is endogenous.

Stage 1. Potential coalition members simultaneously decide whether

they agree to participate in the proposed trading regime

Stage 2 Members of a trading coalition choose permits. Countries

which refuse to participate or are not invited to participate

choose emissions. All choices are made as individual best

replies to the permit and emission choices of the other coun-

tries.

Trading of permits and of the other (non-strategic) goods in

our economy takes place and payoffs accrue.



Contribution of this Paper

We analyze Helm’s game in an empirical framework, evaluating

different candidate coalitions and identifying all self-enforcing

agreements. We evaluate these outcomes on the basis of envi-

ronmental and welfare impacts.

Our operational game theoretic model provides a complete de-

scription of the economic costs of abatement in a GE framework.

Our model has sufficient empirical detail to permit us to char-

acterize the qualitative properties of optimal coalition structures

within this context. We enumerate all possible coalitions and

evaluate equilibria based on welfare and emissions characteris-

tics.



Our analysis underscores the importance of terms of trade effects

in the determination of carbon abatement coalitions.

Calibrating the model to projected changes in regional economies

over time (environmental Kuznets curve effects) allows us to look

at the prospects for cooperation into the future.



Key Insights

While it is widely recognized that permit trading minimizes abate-

ment cost for a given emissions target, nothing assures that

global emissions are adequately constrained.

Free-rider incentives and the prospect of selling permits tends to

motivate countries to allocate themselves more permits, which

reduces permit trade’s effectiveness as an abatement device.

In our calibrated numerical model the most effective permit

trade coalitions yield abatement at approximately twice the level

achieved in a Nash equilibrium without trading.



Permit trade levels are typically heavy in these equilibria. China

must sell lots of permits to make it worthwhile for them to be a

member.

The grand coalition is an equilibrium outcome, but abatement

and welfare may improve when fewer countries are involved. In

our simulated scenarios “good” equilibria tend to be subglobal

and involve high income/high abatement cost countries buying

large volumes of emission permits from their developing-world

partners.

In the general equilibrium framework, coalitions are more effec-

tive in abatement and welfare terms but part of the burden is

shifted to energy exporters.



Burden-sharing through non-cooperative agreements is fairly suc-

cessful. The best equilibrium outcomes produce 1/2 of first-best

abatement.

Prospects for cooperation do not change much over the next

twenty years based on assumed changes in the profiles of regional

economies.

Convergence in willingness to pay for greenhouse gas abatement

reduces the effectiveness of permit trading coalitions. As val-

uations become more similar, the Nash equilibrium in emissions

supports smaller differences in abatement cost, and hence there

are fewer gains from trade. The prospects for an effective emis-

sion trading agreement (involving China) do not improve over

time.



The Economic Model

Economic equilibrium (for exogenously-specified emissions tar-
gets):

F (z; e) = 0

where:

z =

(
π
y

)
is the vector of equilibrium prices and quantities

e is the vector of regional emissions

Global emissions:

eG =
n∑

i=1

ei



Figure 1: Regional Flows of Goods and Factors
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goods, and capital stock investment.3 The representative agent also supplies the economy with
emissions permits (ω) which must be used in fixed proportion to fossil fuel consumption. Note
that only coalition members can trade these permits across regions.

Labor and capital are intersectorally mobile within regions but cannot move between regions.
The production of crude oil, coal and gas makes use of a specific resource factor, resulting in
upward sloping supply schedules for fossil fuels. Bilateral trade in all goods (save emissions per-
mits) takes the form of Armington demand functions in which goods are distinguished by region
of origin (indicated by r1, r2, and r3 in the figure), so that a region’s consumers view imports
of different origins as imperfect substitutes. This substitution pattern follows a nested constant
elasticity (CES) of substitution production function which aggregates all import varieties to an
import bundle.4

The numerical simulations are computed over a twenty year time horizon, updating the
economic and environmental profiles of the model regions based on predicted changes in GDP,

3Because it is a static model, we fix regional investment (I) at benchmark levels in the simulations.
4Appendices A - D provide more detailed descriptions of the model’s technologies, preferences and equilibrium

structure of the economic model.
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Regional welfare incorporates both economic well-being and en-

vironmental impact:

Wi = Ui(π,Ωi)− νie
G

For simplicity we assume linearly homogeneous welfare:

Wi =

∑
k Ωikπk

pc
i(π)

− νie
G



Individual Nash equilibrium emissions:

Ui

ei

[
εMi − ε

p
i

]
= νi

where εMi is the emissions-elasticity of region i income, i.e.

εMi =

∑
k

Ωik
∂πk

∂ei

 ei∑
k Ωikπk

and ε
p
i is the emissions-elasticity of the region i price level, i.e.

ε
p
i =

∂pc
i(π)

∂ei

ei

pc
i

=
∑
k

∂pc
i

∂πk

∂πk

∂ei

ei

pc
i

Alternatively: ∑
k

(Ωik − Cik)
∂πk

∂ei
= νi



When “Rest of World” region (row) is non-strategic, we adopt

a leakage-adjusted first order condition:

∑
k

(Ωik − Cik)
∂πk

∂ei
= νi

(
1 +

∂erow(π)

∂ei

)
i 6= row

Computational challenge: calculation of ∂πk
∂ei

. Equivalent to in-

corporating factor market impacts (the “Ford Effect”) in general

equilibrium models with imperfectly competitive firms.



Equilibrium with an abatement coalition determines ωi, the re-
gion i permit allocation

ei = ωi ∀i /∈ C

and ∑
i∈C

ei =
∑
i∈C

ωi

(There is a competitive market for permits among firms within
the coalition.)

New equilibrium condition: F (z;ω) = 0 in which

z =

 π
y
p


where p is the equilibrium permit price within the coalition.



First order condition for a coalition member:∑
k

(Ωik − Cik)
∂πk

∂ωi
+ (ωi − ei)

∂p

∂ωi
+ p = νi

(
1 +

∂erow(π)

∂ωi

)

Compare with the partial equilibrium formulation:

(ωi − ei)
∂p

∂ωi
+ p = νi

In the partial equilibrium model, the marginal valuation of the

environment (νi) alone determines whether a member state is a

permit seller or a buyer. In the general equilibrium framework, a

much wider range of impacts are possible.



Solving the Model

Key challenge: computing sensitivity of prices to strategic in-

struments, e.g. ∂πk
∂ωi

and ∂erow(π)
∂ωi

.

N.B. These partial derivatives are functions of the equilibrium

values.



Calibration of Willingness to Pay Parameters

Regional valuations of emissions, represented in the model through

the willingness to pay parameters, νit, are calibrated to match

an exogenously-specified Nash equilibrium abatement target in

2010:

ν̄i =
∑
k

(Ωik − Cik)
∂πk

∂ei

∣∣∣∣∣
ei=ēi

where ēi is based on region i abatement targets tended in the

Kyoto round of climate negotiations. (Europe and Japan are

assumed to abate by 20%, the United States 15%, 5% in China

and -5% in the FSU.)



The evolution over time of willingness to pay is assumed to

increase with per-capita GDP (Git):

νit = ν̄Gη
it



GDP Statistics

Total (Billion $)* $ per Capita*
GDP GDP per capita

2000 2020 %∆ 2000 2020 %∆
usa 9,219 16,832 3.1 33,437 51,791 2.2
jpn 4,270 6,542 2.2 33,526 51,923 2.2
eur 9,168 14,786 2.4 23,482 38,104 2.5
chn 1,095 4,314 7.1 860 2,984 6.4
fsu 610 1,501 4.6 2,101 5,401 4.8
row 6,843 15,746 4.3 1,854 3,144 2.7
GDP – Value of total output in billions $1998

%∆ – Equivalent constant annual growth rate

Data sources:

• GTAP5 trade and production database provides, in addition to economic values, a
consistent representation of energy markets in physical units

• The US DOE International Energy Outlook (2002) provides growth projections from
for emissions by fuel and GDP are used to calibrate our simulation over a time horizon
from 2000 to 2020.



Carbon Statistics

Carbon per capita $)* Carbon per $ GDP
2000 2020 %∆ 2000 2020 %∆

usa 5.6 6.4 0.7 167 124 -1.5
jpn 2.4 2.9 1.0 72 56 -1.3
eur 2.4 3.0 1.1 104 76 -1.6
chn 0.5 1.1 4.0 625 392 -2.3
fsu 2.1 3.1 2.0 1,021 589 -2.7
row 0.5 0.7 1.7 308 234 -1.4
Carbon per capita in tons per person
Carbon per GDP in grams per $1998
%∆ – Equivalent constant annual growth rate
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these profiles, therefore, I also look at one instance of a more general function in the sensitivity analysis:

νit = ν̄i(1 + γi)(t−2000)Γη
it

where γi represent growth rates in the regional values and are assumed to depend on other exogenous

factors. Figure 2.3 shows the trajectories under my alternative, high convergence assumption (γusa =

0.05, γjpn = 0, γeur = 0, γfsu = 0.15, γchn = 0.15).

2.5 Results

My analysis bares on a number of different aspects of the problem of coalition formation and

greenhouse gas abatement – some policy-related and some of a more technical nature. In this section,

I employ the numerical model to ask:

• What sort of equilibrium outcomes does the model predict?

• What are the strategic incentives that inform that design of an equilibrium coalition?

• How are the partial equilibrium conclusions of Helm [27] modified by general equilibrium

effects?



Results

1. Evolution of Emission Trading Coalitions

2. Incentives for Participation

3. Terms of Trade Effects

4. Sensitivity Analysis: Convergence in Environmental Values



All of the more successful outcomes (both in welfare and abatement terms) involve chn – a
developing country with low abatement cost – paired with eur and/or jpn – regions character-
ized by high abatement cost and high valuations for abatement. This shows that a coalition of
permit traders is most successful when it can exploit such asymmetries across its members.

Table 2: Equilibrium Coalitions by Welfare and Abatement, 2010

% Equivalent Variation Emissions Average
usa jpn eur chn fsu row Reduction %EV

usa-eur-chn 0.6 4.1 1.7 2.5 0.4 -4.7E-3 13.6 0.7
eur-chn-fsu* 0.3 3.6 1.8 1.0 5.1 2.0E-2 12.9 0.6
eur-chn 0.3 3.2 1.8 0.9 0.2 1.9E-2 12.1 0.4
usa-jpn-eur-chn-fsu* 0.3 2.5 1.5 1.4 6.1 4.8E-2 11.9 0.7
jpn-chn 0.2 2.4 2.0 0.2 0.2 2.8E-2 11.6 0.2
usa-eur-fsu 0.4 1.8 0.3 5.2E-2 8.4 -1.1E-2 9.7 0.4
usa-eur 0.4 1.5 0.4 7.8E-2 0.2 -3.3E-2 9.1 7.5E-2
usa-jpn 0.2 0.4 0.7 6.4E-2 0.1 -2.0E-2 8.3 5.8E-2
eur-fsu 7.8E-2 0.9 0.4 - 3.4 1.2E-2 8.1 0.2
jpn-fsu 7.0E-2 0.5 0.5 3.1E-2 0.8 4.8E-3 7.7 8.5E-2
usa-chn 6.6E-3 0.7 0.5 0.3 -3.8E-2 2.5E-2 7.7 0.1
jpn-chn-fsu 4.8E-3 6.9E-2 6.6E-2 3.6E-2 0.6 2.3E-2 6.6 5.1E-2
Nash without trading - - - - - - 6.5 -

% Equivalent Variation: % change in money-metric utility from Nash without trading
Emissions Reduction: % reduction in global emissions from BaU
Average %EV: Population-weighted average of regional % changes in EV from Nash without trading
*: Equilibria which survive external stability requirement.

Given that permit endowments are chosen non-cooperatively by self-interested countries, this
is a surprising result because asymmetries tend to accentuate differences in endowment choices,
which may thwart agreement on trading. This effect can be seen in Table 3, which compares the
usa-eur-chn coalition (the “best” outcome) to the BaU scenario in model year 2010. eur, the
coalition member with by far the highest valuation for abatement (see column “vi”), chooses
a very low permit allocation ωi. By contrast, the coalition members with low valuations for
abatement, usa and chn, choose a permit allocation that even exceeds their emissions in the
no-trade Nash equilibrium (eN

i ). Despite this very diverse pattern, all regions benefit from
agreement on trading (see column “evi”), though for different reasons.

For eur it becomes much cheaper to foster it’s environmental goals – by choosing a low ωeur –
because that part of abatement which would be most costly is shifted through the permit market
to the other regions. Indeed, after-trade emissions (eCi ) of eur exceed its permit allocation by
a factor of 28 and are even higher than its emissions in the no-trade Nash equilibrium. By
contrast, chn benefits primarily from selling permits to eur, about half of its initial allocation.
This is also the case for usa, but to a lesser extent because abatement is more costly. After
trading, the low valuation countries chn and usa both emit less than in the no-trade Nash
equilibrium.

It is worthwhile to take a closer look at why coalition members with low valuation for abate-
ment, i.e. chn and usa, do not choose tradable permits ωi that more substantially exceed their
emissions choices in the no-trade Nash equilibrium. After all, permits are precious, as indicated
by the permit price (p) in Table 3, and coalition members are free to choose their initial permit

12



External Stability and the USA-EUR-CHN coalition

This equilibrium fails “external stability” because FSU would like to join and
sell permits, but if FSU were to join it would weaken the group abatement
target, making the coalition less valuable to the USA and cut into CHN’s
permit revenues.
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Table 3: usa-eur-chn Coalition Profile, 2010

eN
i eCi ωi evi p νi

usa 84.3 74.3 92.2 0.6 117.9 59.6
eur 77.6 86.9 3.1 1.7 117.9 415.3
chn 88.1 41.9 89.7 2.5 117.9 7.1
jpn 79.5 80.0 - 4.1 195.2 247.1
fsu 103.4 103.0 - 0.4 1.7 6.4
row 106.8 108.7 - - - -
eN

i : No-trade Nash emissions as % of BaU

eCi : equilibrium emissions with coalition as % of BaU

ωi: permit allocation of coalition members as % of BaU

evi: % change in EV from no-trade Nash equilibrium

p: Permit price resp. marginal abatement cost ($/Tons)

νi: Marginal value of emissions reductions ($/Tons)

allocation in our non-cooperative framework. In principle, three effects are responsible for this
restraint. Firstly, more permits generally lead to more emissions and associated environmental
damages. However, by assuming constant marginal valuations for abatement, this effect is not
present in our analysis. Secondly, choosing more permits increases supply, thereby generally
reducing the equilibrium permit price. Thirdly, less emissions imply less energy demand which
leads to lower energy prices. Energy importing chn and usa find it in their interest to exploit
this terms of trade effect through restricting their permit choices.

To illustrate the last point, we undertake the following experiment. Initially, income in
row is fixed at its no-trade Nash level, while the other regions choose their permit respectively
emissions levels in a manner consistent with the usa-eur-chn coalition structure. We then
release the income constraint on row and look at the full equilibrium. We focus on the income
effect in row because it is the most prominent single general equilibrium effect.

Table 4 reports some effects of releasing the row income constraint. Entries for %∆ωi show
that the coalition members with low environmental valuations, usa and chn, contract their
permit choices, and overall emissions of the coalition fall. The reduced energy demand leads to
less revenue for the energy exporting row region, especially for crude oil and natural gas (see
the lower half of Table 4). This loss to row translates into terms of trade gains for all energy
importing regions (all other regions except fsu), which are presented in the first data row as
percentage changes of economic utility (Ui) from the restricted equilibrium levels.10

Until now we have focused on the strategic considerations of the coalition members usa, eur
and chn. What about the two (strategic) coalition outsiders? As illustrated in Table 3, jpn
is in a classical free-rider position. It benefits from coalitional abatement without contributing
itself. Given its high valuation for abatement (vi), it can therefore secure the highest welfare
gains of all regions (evi). By contrast, fsu has the lowest welfare gains of all (strategic) regions.
Being a free-rider yields only modest benefits due to its low valuation for abatement. Therefore,

10Remember that Ui represent benefits or costs associated with changes in emissions policy that have nothing
to do with environmental effects (see eq. 2).
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Marginal Impacts of Permit Allocations

Nash Equilibrium, Armington Elasticities=8,16

USA JPN EUR CHN FSU
Y 0.6 4.0 2.5 0.4 0.2
EIS -1.2 -7.2 -3.1 -0.2 -0.4
COL 0.2 0.0 0.0 0.0 0.2
OIL 0.1 0.2 0.7 0.0 0.0
CRU -0.5 -0.5 0.4 0.0 0.3
GAS -0.1 -0.1 0.6 0.0 0.7
ELE 0.0 0.0 0.1 -1.2 -0.3
Misc. -0.1 0.2 -0.4 0.0 -0.1

dπ -1.0 -3.4 0.8 -0.8 0.6
pr 7.0 28.5 41.4 1.5 0.1

νr 6.0 25.0 42.2 0.7 0.6



Marginal Impacts of Permit Allocations

Nash Equilibrium, Armington Elasticities=1,2

USA JPN EUR CHN FSU
Y -2.2 -5.4 -5.5 0.0 -0.8
EIS -2.6 -12.1 -6.5 -0.5 -0.7
COL 0.1 -0.1 0.1 0.0 0.4
OIL 0.2 -0.1 1.4 0.0 0.2
CRU -0.7 -1.0 1.3 0.0 0.7
GAS -0.1 -0.4 0.3 0.0 1.2
ELE 0.0 0.0 -0.6 0.0 -0.1
Misc. -0.2 -2.4 -1.4 -0.1 -0.1

dπ -5.6 -21.6 -10.7 -0.5 0.6
pr 11.6 46.6 52.9 1.2 0.0

νr 6.0 25.0 42.2 0.7 0.6



Marginal Impacts of Permit Allocations

USA-EUR-CHN Coalition, Armington Elasticities=8,16

USA JPN EUR CHN FSU
Y 0.3 4.1 0.9 0.3 0.2
EIS -0.7 -7.4 -0.1 -0.3 -0.4
COL 0.1 0.0 0.0 0.0 0.1
OIL 0.2 0.3 0.1 0.1 0.0
CRU -0.6 -0.5 -0.1 0.0 0.3
GAS -0.1 -0.1 -0.1 0.0 0.8
ELE 0.0 0.0 -0.4 0.0 -0.4
Misc. 0.0 0.2 0.0 0.0 -0.1

dπ -0.8 -3.5 0.3 0.0 0.6
pr 14.0 28.6 13.8 14.3 0.0
dpr -7.2 20.4 -13.6

νr 6.0 25.0 42.2 0.7 0.6

Note: The net marginal benefit of an extra unit of emissions by EUR is negative because
the equilibrium permit allocation is zero.



Marginal Impacts of Permit Allocations

USA-EUR-CHN Coalition, Armington Elasticities=1,2

USA JPN EUR CHN FSU
Y -0.2 -5.4 7.4 -0.9 -0.7
EIS -1.4 -12.1 1.3 -1.0 -0.6
COL 0.0 -0.1 0.0 0.2 0.3
OIL 0.1 -0.1 0.2 0.0 0.1
CRU -0.8 -1.0 0.1 0.0 0.5
GAS -0.1 -0.4 -0.1 0.0 1.2
ELE 0.0 0.0 -0.1 0.0 -0.1
Misc. -0.1 -2.5 1.1 -0.1 -0.1

dπ -2.5 -21.7 10.0 -1.9 0.6
pr 14.4 46.7 13.9 16.8 0.0
dpr -5.9 18.4 -14.2

νr 6.0 25.0 42.2 0.7 0.6
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Figure 2.3:
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• What are the benefits of exclusive coalitions?

• How should we expect the prospects for cooperative action to change over time?

Table 2.3 describes the stable equilibria for model year 2010. The coalition members associated

with the particular equilibrium are listed on the rows. The columns display welfare differences from the

individual Nash outcome as well the global emissions reductions that correspond to each equilibrium.

Equilibria are sorted by the level of emissions reduction, and the quality of the outcomes runs

the gamut from those that make almost no improvement over the unilateral actions taken in the

individual Nash equilibrium to coalitions such as usa-eur-chn which yield abatement at more than

twice the individual Nash levels. Notice that all of the more successful outcomes (both in welfare and

abatement terms) involve chn paired with either eur or jpn. Also noteworthy is the fact that all

of the strategic regions benefit from permit trade in these equilibria. The exception is row, which

I assume is unable to use carbon policy or permit trade to its advantage. They suffer small welfare

losses in some equilibria.

The grand coalition (usa-jpn-eur-chn-fsu) is an equilibrium outcome. It is not, however, the

unambiguous choice for most successful – usa-eur-chn yields similar welfare gains (as measure by

a population-weighted average of the regional gains) and less abatement (11.9% versus 13.6%). This
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Conclusions

• International carbon abatement policy should be informed no only as to what is efficient,
but also as to what is feasible.

• Self-enforcing agreements provide about one half of the first-best level of abatement
when compared to BaU levels, but they offer considerable improvement over the indi-
vidual Nash outcome.

• Suboptimal abatement is due more to the free-rider problem than to inefficient negoti-
ations within the coalition.

• Good agreements are often subglobal.

• Terms of trade effects influence equilibrium outcomes.

• Better coalitions may be formed when certain countries are excluded from participation.
There is a crucial role for international instiutions such as the Framework Convention
for Climate Change.

• The convergence in willingness to pay for emissions reductions by developing countries
does not increase the likelihood of forming effective global coalitions.

• Future research: simultaneous formation of multiple coalitions, extension to a repeated
game framework, assessment of the role of uncertainty.



Supplemental Slides on the Solution Algorithm

A Scalar Model

f(z;ω) = 0

in which z ∈ R is an implicit function of ω.

Assume that z adjusts to satisfy the equilibrium condition as ω varies:

df

dω
=

∂f(z;ω)

∂z

∂z

∂ω
+

∂f(z;ω)

∂ω
= 0

Hence, the rate of change of the endogenous variable z with respect to the exogenous variable
ω is:

∂z

∂ω
= −

∂f/∂ω

∂f/∂z



In the multidimension setting, the implicit function theorem generalizes to the following
system of N × n equations when z ∈ RN and ω ∈ Rn:[

∂z

∂ω

]
= −

[
∂F

∂z

]−1 [∂F

∂ω

]
,

The programming of such a system of equations is nontrivial as it explicit specification of:[
∂F

∂z

]
ij

=

[
∂Fi(z;ω)

∂zj

]
and [

∂F

∂ω

]
ik

=
[

∂Fi(z;ω)

∂ωk

]



Define z(ω) as the solution of the system of equations,

F (z;ω) = 0

and let zk(ω) represent the kth element of the solution vector.

The local dependence of endogenous variables on exogenous variables can alternatively be
numerically approximated as:

∂zk

∂ωi
≈

zk(ω + δi)− zk(ω)

δ

in which δi is the ith perturbation vector:

δi
j =
{

δ i = j
0 i 6= j



Here is the new idea:

Consider then the following N × n + n − 1 equation system for a model with N economic
equilibrium variables n− 1 strategic regions:

F (z;ω) = 0

F (zi;ω + δi) = 0 i 6= row

This system of equations computes z and the adjacent perturbed solutions zi simultaneously.



Difference approximations can then be used to characterize Nash optimal permit allocation:∑
k

(Ωik − Cik)
πi

k − πk

δ
+ (ωi − ei)

pi − p

δ
+ p = νi

(
1−

ei
row − erow

δ

)
i ∈ C

and ∑
k

(Ωik − Cik)
πi

k − πk

δ
= νi

(
1−

ei
row − erow

δ

)
i 6= row, i /∈ C.




