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1. Introduction

Climate change is a complex problem with many interactions between countries. The main
interactions take place, of course, via the amosphere. However, nationd emission reduction policies
aso influence each other viainternationa trade and investment. Other interactions include those
between climate policy and technology, development, nature conservation, environmenta protection,
and trangport. Climate change research only dowly comes to grips with this complexity. This paper
explores the interactions between emisson reduction strategies and trade effects.

Most game theoretic andyses of internationa climate policy alow for oneinteraction only: the
climate. In those analyses, greenhouse gas emission reduction is a private good while the atmosphere
isapublic good. However, this is a distorted representation of redlity. Greenhouse gas emission
reduction in one country affects other countriesin more ways than just via climatic change,
particularly viainternationd trade and investment, carbon leakage, and technologica development
and diffusion.

Obvioudy, other authors have redised this as well. Internationa trade effects are anadysed by
Berngein et al. (1997), Kemfert (2000) and Hodl (1994). Le Breton and Soubayran (1997)
investigate second- best environmenta policies in the presence of internationa trade. Feenstra (1999)
looks a internationa trade and environmental dumping.

Whether an agreement can be reached depends on the opportunities to reduce conflicts of interests;
abargaining Stuation contains opportunities to collaborate for mutual benefits (Barrett 1994). Asred
negotiation processes demondirate, an agreement between al playersis unlikely. It ismore redistic
that some players act unilaterdly in order to maximise their own welfare and sdf interests, while other
players form smal coditions. The conclusion that stable coditions are smal has been established for
sngle-issue internationa environmental negotiations (Barrett, 1994; Botteon and Carraro, 1997,
1998; Carraro and Siniscalo, 1992, 1993; Hoel 1994). Carraro and Siniscalco (1997), Katsoulacos
(1996) and Tol et al. (2000) investigate whether linking internationa greenhouse gas emission
reduction policy and technology policy would enlarge incentives for cooperation. This paper does
not link issues, but analyses the case with dud interactions between players, only one of which
(greenhouse gas emissions) is actively managed. Here, the second interaction istrade. In Tol et al.
(2001), the second interaction is technology. Barrett (1994) confines himsdf to trade sanctions as a
deterrent to free riding. Botteon and Carraro (1997, 1998) confine themsalves to carbon leskage.



This paper looks &t the effects of international trade and carbon leakage on incentives to abate
greenhouse gas emissions and incentives to cooperate on emission reduction. Because of
internationd trade effects, the cost of one country’ s emission reduction depends on other countries
abatement costs. Because of carbon leakage, one country’ s emissions depend on other countries
abatement effort. Section 2 takes an anadytica viewpoint. We demondtrate that most relationships of
interest are ambiguous. Therefore, we introduce a numerica modd in Section 3. Thisisan
intertempora computable genera equilibrium (CGE) mode of the world economy, designed to
answer empirical questions about greenhouse gas emission reduction, internationa trade and carbon
leskage. A smplified version of the mode of Section 2 is calibrated to the outcomes of the CGE
mode. The smple modd isused in Section 4. It isandyticdly tractable and, fully parameterised,
used to shed light on the ambiguities of Section 2. Section 5 concludes.

2. Analytical sructure

For convenience, we consider only two countries, labelled as{i,j }, with i* j. The case with more
countrieswill be introduced below. Let C; denote the costs of greenhouse gas emission reduction in
country i. Suppose

(1) (:l:Q(Ri!Rjicj):fi(R)-'-gi(R_Rj)+h(Cj)

where R denotes emission reduction. The cost function consists of three components: the costs of
domestic emission reduction, costs associated with the difference between domestic and foreign
emission reduction, and costs associated with foreign emission reduction cogts. Additivity is assumed
for notational convenience.

Let
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That is, the costs of domestic emission reduction are positive, increasing and concave. The basdline
(R=0) is optimd. These are standard assumptions for the costs of greenhouse gas emission

reduction.

Let

3 g(Q:Og(@>OHx>0@(@<0ﬁx<&%%>0

That is, if country i and j abate the same amount, there are no additional costs or benefits to country
i. If country i abates more than does country j, country i suffers additiona costs. If country i abates

less, its domestic costs are lower. The additional costs or benefits grow with the differencein
abatement effort.

Let
_ : fh
4 h (0) =0,h (x) >0if X>O’W>O
That is, if country j faces positive emission reduction costs, some of those cogts trickle down to
country i. The larger the costs to country |, the larger the effect on country i.

Although the modd (1)-(4) isfarly ample, it coversthe relevant effects. Let us raterate the basic
properties. Emisson reduction is costly. If acountry has a more stringent emission reduction policy
than others, that country faces additiona costs because of loss of competitiveness. Vice versa, if a



country’s policy is less gringent, it gains in competitiveness. If a country reduces emissons, it imports
less, inflicting losses on other countries.

The modd (1)-(4) displays awide range of behaviour. The costs of emission reduction depend on
the emission reduction in other countries. This effect can be positive or negative, depending on the
relative Szes of the above mechanisms and the reative Szes of emisson reduction. Even in the
absence of domestic action, a country can be affected (positively or negatively) by other countries
emission reduction.

The modd is completed with carbon emissons and carbon leskage. Let

5 E =(1-R)E+k(R-R)E

That is, actud emissions E;" depend on the emissions without dimate policy E; and emission
reductions in both countries. Let

(6) k. (0) =0,k (x) >0if x>0,k (x) <Oif k<0,1111—i>0

Thus, emissonsincreasein country i if country j abates more than does country i. That is, thereis
leskagefrom | toi. Vice versa, if country i abates more than does country |, itsemissonslesk from
i to j. Leakage only replaces emissons, so that

M) k+kE H=0

The benefits of avoided climate change B, are given by
(8) BI:|i (Ei+Ej)-|i(EiR+EJR)
We only assume that B is drictly increesing in totd emissons.

There are two possihilities to - ogicdly— extend this framework to n players. Thefirg is asfollows.
e , 0 e, O
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The second and functional smpler possibility has the following shape:
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Thetwo possiblefunctlond specnflcatlons of the modd can be solved by consdering the first order
conditions (FOC). The expressions which result can be represented by matrices and we need to use



matrix inverson or Cramer’ srule to get an explicit expresson. We do this for the three dimensiona
casein section 4.

The effect of spillover and leakage effects on optima emission reduction is ambiguous, as can be
seen from the FOC for the case with two players. For pI ayer 1,

©) &fif, Y9, Th 79,0 /a8 Th fih, 0_ M & Tk _ Tk, 0
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and amilar for player 2; in (9), the margind cods are at the left hand Sde and the margind benefits at
the right hand sde. Recall that leskage is just replacement, that is, the emissions of player 1 (2) go up
by the same amount as the emissions of player 2 (1) go down. Then the benefits and the margina
benefits are unaffected, that is, the rightmost term of (9) cancels.

Let usfirg condder the competitiveness spillover only, that is, h=0. Even though this spillover effect
can be ether positive or negative, the costs a the margin are ways positive, thet is, g, TR >0,

50 that optima emisson reduction is lower with competitiveness effects than without.

Now consider the case with cost spillovers but without competitiveness effects, thet is, g=0. In this
case, the margind codts are the same with and without the spillover effects and optima emission
reduction is unaltered.

Findly, consder the case with both cost and competitiveness spillovers. The competitive spillovers
till work towards lowering of optima emission reduction. The cost pillovers are no longer neutral.
The third term of the left-hand-sde of (9) has an effect opposite to the effect of the second term. The
combined effect is ambiguous. If we assume that the countries are Smilar — g;=g, — what mattersis
whether Th, /1C, isgreater or smaler than unity. If it is smaller, cost and competitiveness spillover

work towards lower emission reduction, abeit it to alesser extent than without the cost spillovers. If
it issmaller, cost and competitiveness spillovers lead to a greater optimal emission reduction. The
size of the margind cost spillover effect depends, obvioudy, on emission reduction. Therefore, for
amdl emisson reduction, spillover effects lower emisson reduction even further; for large emission
reduction, spillover effects have the opposite effect.

3. CGE

The pay-offs of internationa emisson reduction policies are estimated usng WAGEM (Kemfert
2000). WAGEM is an intertempora computable generd equilibrium and multi regiond trade model
for the globa economy. It considers 11 world regions (Table 1) that are linked through bilatera
sectord trade flows based on GTAP data of 1995. For each region, a representative agent
maximises lifetime utility from consumption. This determines the level of savings. Firms choose
investment in order to make the mogt of the present value of their companies.

Table 1. Regionsin WAGEM.



ASIA Indiaand other Asa (Republic of Korea, Indonesia, Mdaysa, Philippines,
Singapore, Thailand, China, Hong Kong, Taiwan)

CHN China

CNA Canada, New Zedland and Audirdia

EU15 European Union

JPN Japan

LSA Latin America (Mexico, Argenting, Brazil, Chile, Rest of Latin America)

MIDE Middle East and North Africa

REC Russa, Eagtern and Central European Countries

ROW Other countries

SSA Sub Saharan Africa

USA United States of America

In each region, production of the non-energy macro good is captured by an aggregate production
function. The production function characterises technology through transformation possibilities on the
output Sde and subgtitution possibilities on the input Side. In each region, a representative household
chooses to alocate lifetime income across consumption in different time periods in order to maximise
lifetime utility. In each period, households face the choice between current consumption and future
consumption, which can be purchased via savings. The trade-off between current consumption and
savingsis given by a congtant intertempord eadticity of subdtitution. Producersinvest aslong asthe
margind return on investment equals the margina cost of capita formation. The rates of return are
determined by a uniform and endogenous world interest rate such that the margind productivity of a
unit of investment and a unit of consumption is equaised within and across countries. Domestic and
imported varieties for the non-energy good for al buyersin the domestic market are treated as
imperfect substitutes by a CES Armington aggregation function, constrained to constant eladticities of
subgtitution. Emission limits can be reached by domegtic action or by trading emission permits within
Annex B countries dlocated initidly due to regional commitment targets. Those countries meseting the
Kyoto emissions reduction target stabilise their mitigated emissions a 2010 leve.

Fourteen scenarios are run with WAGEM to get an idea of the cogts of carbon dioxide emisson
reduction. We consder only emission reduction by the European Union, Japan and the USA. In one
scenario, al three countries reduce emissions by 10% in comparison to the base year emissions
(1990). In three scenarios, two countries reduce their emissions by 10% while the other countries do
not reduce at al. In three further scenarios, one country reduces its emissions by 10% while the other
countries do not abate emissions. Thisis repeated for a 20% emisson reduction. This makes 14
scenarios:

All: All Annex B countries reduce emissions by 20% (10%)
EUuni: EU reduces emissons unilaterdly by 20% (10%)

Japuni: Japan reduces emissons unilaterally by 20% (10%)

Usuni: USA reduces emissions unilaterdly by 20% (10%)

EUJap: EU and Japan reduce emissions bilaterally by 20% (10%)

EUUS: EU and USA reduce emissions bilateraly by 20% (10%)
Japus: Japan and USA reduce emissions hilaterally by 20% (10%)

Table 2 summarises the results. More detail can be found in the appendix.

Table 2. Emisson reduction in 2010 (relative to 1990) and income loss in 2010 (relative to business
asusud).




Emission reduction (percent) Loss of income (percent)

USA EU Japan USA EU Japan
10 10 10 0.00 -0.72 -0.15
0 10 0 0.72 -0.21 0.00
0 0 10 0.57 -0.02 -0.23
10 0 0 -0.35 -0.14 0.00
0 10 10 0.45 -0.18 -0.19
10 10 0 -0.54 -0.22 0.00
10 0 10 -0.19 -0.02 -0.19
20 20 20 -1.01 -0.75 -0.54
0 20 0 0.58 -0.73 0.00
0 0 20 0.47 -0.04 -0.61
20 0 0 -0.93 -0.54 0.04
0 20 20 0.51 -0.70 -0.58
20 20 0 -0.97 -0.73 0.08
20 0 20 -0.95 -0.07 -0.50

4. Simple model

The CGE has 11 regions, but only 3 reduce their emissons. the European Union, Jgpan and the
USA. So, we consider a game with 3 players. The other 8 regions are dummy players, playing a
default strategy of zero emisson reduction.

4.1. Noleakage: model

There are two specifications that fit the outcomes of the CGE. Both smplify (1), because of the
strong correlation between emission reduction and emisson reduction cogts abroad. The first
formulation is as follows. The costs of emission reduction are given by, for player 1,

(10) %:alpf +c,(R- 5R - 5R)

and amilar for players 2 and 3. The benefits of emisson reduction are given by
(1) B =9,(RE+RE+RE)
That is, benefits of emission reduction depend linearly on the avoided emissonsin al three regiors.

The first order condition for non-cooperative behaviour is, for player 1
(12 2YR+cY,-gE =00 R =900
2a,Y,
In this formulation, the margind costs of emission reduction are not affected by emission reduction in
other regions.

Thefirst order condition for cooperative behaviour is, for player 1
2a,YR +c,Y, - .5C,Y, - .5¢,Y; - (g + g, +9;)E =0 U
(13) _(0.+9, +Q;)E - cY; +.5CY,+.5¢,Y,
A Y,
The margind costs of emission reduction are independent of the spillover effects, but the regions do
take the wdfare effect in other regionsinto account.




In the second formulation, the costs of emisson reduction are given by

C, &, +C,0
14) —+=a,R+b
A4 §maR +bieg gt

That is, costs of emission reduction depend on domestic emission reduction and the costs of emission
reduction in the other regions.

Variable, index or parameter | nterpretation

G Costs of emission reduction as afraction of
income

R Emisson reduction as afraction of emissons

Y, Income

B Benefits of emisson reduction

I Region

(13) has to be rewritten:

x 1 b.Y, b.Y, C‘)
c . .
¢ L Y‘aél &alRfYo
(15) g b2Y2 1 LA T=Sa R,
& W, Yy g g
¢ by, b.Y, C:s @R
_ 33
Y+Y, Y+, o
or, in matrix form,
(1) C=A'D

Subtracting the benefits — equation (8) — the objective function becomes:
(177 W=C- B=A'D-B
Without cooperation, optima emission contral follows from solving:
-1y .
(18) max(1 0 0)(A'D- B)
-1y
max(0 1 0)(A'D- B)
-1 _
max (0 0 1)(A'D- B)
With cooperation, optimal emisson contral fallows from salving
19 'D-
(19 max (1 1 J(A'D-B)
The first order conditions of(18) are, for player 1
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and amilar for players 2 and 3. So, the spillover effects do affect non-cooperative optima emission
reduction, because the solution (18) would be very different if the &s were zero. Spillover effects dso
afect wefare in the optimum.

The first order conditions of (19) are, for emission reductions by player 1

2 bY, _ by &
¢ 1 - - +
c L% LY o RYG ag,E, 6
¢ by, by, ¥ ¢ . = C L o+
) (11 1)¢- 1 -—22. ¢ 0 -(1 1 1)%9,E =0
&Nty Y +Y, - é H § H
- 0 g 0:E; g
Q_ b3Y3 _ b3Y3 1 .
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and amilar for the emisson reduction by players 2 and 3. So, the spillover effects affect the
difference between noncooperative and cooperative optima emission reduction.

The two dternative formulations thus include different aspects of the spillover effects. In the first
formulation, trade effects do not influence the non-cooperative optimum, athough the non
cooperative pay-off is affected. In the second formulation, trade effects do influence the non
cooperative optimum, and the non-cooperative pay-off aswdl. In both formulations, trade effects
influence the cooperative optimum, as well as the cooperative pay- off.

Of course, we can combine the two models, but then we lose sight on the different aspects. Besides,
the parameter estimates are inggnificant in that case (Table 3).

Table 3. Parameter estimates.

a ] i R

Japan 0.142 0 0 0.983
(0.006) () ()

0.148 0.076 0 0.991
(0.005) (0.023) )

0.133 0 0.003 0.990
(0.005) (-) (0.001)

0143 0052 0001 0991
(0.012) (0.054) (0.003)

USA 0.244 0 0 0.809
(0.048) (-) (-)
0351  0.949 0 0907
(0.048) (0.282) )
0.159 0 0032 0913
(0.042) () (0.009)

0239 0020 0430 0919
(0.102) (0.016) (0.498)

EU15 0191 0 0 0721
(0.026) (-) (-)
0182 -0.169 0 0.758
(0.026) (0.136) )

0.215 0 -0.009 0.768




(0.030) (-) (0.006)
0207 -0.007 -0.056 0.769
(0.045) (0.010) (0.216)

4.2. Noleakage: Results

Table 4 shows results of the two models presented above. Tables 5 and 6 summarise the findings.
The parameters are estimated, using ordinary least squares, from the outcomes of the CGE of the
previous section. In addition, we present the results of amodd without any international trade
interaction, calibrated to the same CGE. See Table 3.

We assume that the margina cogts of carbon dioxide emissons are $200/tC for dl three regions.
Thisishigh (cf. Tal, 1999), but we need this to generate substantial emission reductions.

Without trade interactions, except for the coalition between the USA and the EU, the grand codition
nor any of the two other possible coditions of two playersisinterndly stable. That is, in each
codition, there is one player that is better of in the non-cooperative case and thus has an incentive to
leave the codlition. This concluson holds for the best guess as wdll as for the sensitivity analyses.

In our firgt representation of trade interactions, the grand coditionisin the & core, that is, al players
are better off with full cooperation that with norcooperation. The grand codition, however, is
interndly ingtable, usng the myopic sahility criterion of Carraro: The EU is better of if it playsasa
singleton, and the USA and Japan form a codition. The USA and Japan are better off in acodition
than as Sngletons, so the grand codition is dso interndly instable using the far-sighted stability
criterion of Chwe. The EU does not want to from a coalition with Japan alone, but it does with the
USA. The USA and Japan would like to form a codition with the EU, ether of Sze2 or 3. The
grand codition is not dable in al sengtivity andyses. The codition between the USA and the EU,
and the codition between the USA and EU are interndly stable in dl sengtivity andyses. The EU
never wants to cooperate with Japan alone.

In our second representation of trade interaction, the grand codition nor any of the three possible
coditions of two playersisinterndly stable. This holds for the best guess aswell asfor the sensitivity
andyss.

Table 4. Optima emission reduction and pay- off.

Reduction (percent) Pay-off (million dollar)
USA EU15 Japan USA EU15 Japan
No Cooperation
NT 7.0 49 4.7 25.8 31.3 35.1
(5.8-8.7) (4.3-5.7) (45-49) (225-304) (26.8-37.7) (30.0-42.3)
T1 0.6 6.5 3.7 329 13.3 18.4
(0.0-4.6) (4.4-9.3) (3.1-4.3) (27.4-41.5) (2.3-28.9) (5.5-38.1)
T2 5.1 5.5 4.5 20.2 27.4 30.2
(4.6-5.6) (4.9-6.1) (4.4-4.6) (19.4-20.6) (25.8-28.6) (27.2-32.9)
Full Cooperation
NT 209 14.7 14.0 11.2 60.3 94.4

(175-26.0) (13.0-17.1) (13514.6) (8.9-122) (51.0-74.3) (79.7-115.6)
T1 20.4 18.3 19.8 55.5 32.4 91.3




(15.1-29.6) (15.5-22.0) (15.6-23.6) (36.9-75.8) (28.8-46.3) (54.1-139.3)
T2 11.4 9.8 29.6 0.5 81.5 39
(12.0-11.8) (9.8-9.8) (23.4-37.3) (0.6-2.7) (60.3-115.3) (-35.8-27.2)
Coadition of USA and EU
NT 13.9 9.8 4.7 26.0 47.8 68.3
(11.6-17.3) (8.7-11.9) (4.6-49) (23.1-29.6) (40.4-58.7) (58.3-82.7)
T1 9.4 13.7 3.7 48.7 22.7 64.4
(6.4-14.8) (11.4-16.8) (3.1-4.3) (44.8-55.3) (11.7-39.0) (49.0-88.6)
T2 10.2 8.8 4.5 14.8 44.6 529
(9.9-10.5) (8.7-8.8) (4.4-46) 11.9-165) (41.4-48.7) (51.7-53.9)
Coalition of USA and Japan
NT 13.9 4.9 9.4 18.4 57.0 55.3
(11.6-17.3) (4.3-5.7) (9.0-9.7) (16.8-20.5) (48.8-69.0) (46.8-67.9)
T1 9.4 6.5 18.5 54.8 39.5 30.5
(6.3-14.8) (4.4-9.3) (16.8-19.9) (53.4-60.3) (36.6-49.3) (9.5-59.5)
T2 6.3 55 16.3 20.5 44.7 21.6
(5.7-6.8) (4.9-6.1) (14.4-179) (18.2-23.0) (40.7-48.6) (14.3-28.3)
Coadlition of EU and Japan
NT 7.0 9.8 9.4 40.6 29.3 44.4
(5.8-8.7) (8.7-11.4) (9.0-9.7) (35.8-47.1) (25.4-35.0) (38.1-53.4)
T1 0.6 11.0 51 53.3 8.1 29.1
(0.0-46) (84-145) (6.9-3.1) (54.4-56.8) (-0.2-23.0) (14.1-50.2)
T2 6.3 7.2 21.7 19.0 51.7 11.6
(5.5-7.2) (6.3-8.4) (21.1-22.4) (9.6-24.8) (48.5-53.3) (8.3-15.8)
Table 5. Ranking of priorities based on the payoffs (N= not in codition, C=in codition):
NT T1 T2
US EU JAP US EU JAP Us EU JAP
NNN 3 2 1 1 2 1 4 1 4
CCN 4 3 4 2 3 4 2 2 5
CNC 2 4 3 4 5 3 5 3 3
NCC 5 1 2 3 1 2 3 4 2
CCC 1 5 5 5 4 5 1 5 1
Table 6. Sable codlitions™
NT T1 T2
Interndly stable coditions {USEU} {USEU}{USJAP} O
Externdly stable codlitions” {EU,JAP}  {USJAP} {US,EU} {EU,JAP}
Stable coditions %] {USJAP} %]
& Stahility based on the theory of cartd stability (Carraro et d., 1997):
Notation:

P.(s) isthevdue of player i —who is not amember of s-for joining codition s.
Qi(9) isthe vaue of player i —who is not amember of s—for not joining cadition s.
Definition:

A codition isinterndly stableiff: P(s) > Qi(s\i) fordli | s.

A codition is externdly stableiff: R(sEi) < Q(s) for dl il s.



A coditionisgableiff it is both interndly and externdly stable.
® The grand codlition is externaly stable by default.

In sum, without trade effects, cooperation is hard to achieve. If we extend the mode! to include the
welfare effects of trade, cooperation is easier. If we further extend the mode to also include the
margina cost effects of trade, cooperation is harder.

4.3. Leakage: Model
With leakage, equation (8) has to be replaced with:

B =g,{R g1+k)E - 05kE,- 0.5k i+
(22) R gl+k,)E - 0.5KE - 0.5k E, g+
R g1 +k;)E, - 05KE, - 0.5k, E, ¢}

Thefirgt order condition for non-cooperative behaviour is, for player 1

2a,YR +c,Y, - g, {1+k ) E - 0.5k,E, - 05k, E,§=00
(23) R = g, 1+k) E - 0.5k,E, - 0.5Kk,E,f- c.Y,

) 2,

Compared to the case without leakage (ki=0), optima emission reduction goes up or down
depending on therdative sizes of k and E. If economy 1 isrdatively sendtive to the other regions
emisson reduction (k islarge) or if the emissons E of economy 1 arerdatively large, optima
emission reduction of region 1 would increase compared to the case without leakage.

Thefirst order condition for cooperative behaviour is, for player 1
2a,YR +C.Y, - 5C,Y,- 5¢,Y,- (g +0, +0;) §1+k ) E, - 0.5k, - 05kE,§=00
(24) (91 +0, +93) él"' kl) E - 0-5sz2 B 0-5k3Esg' C, Y +.5C,Y, +.5C,Y,
R= =
lYl

In the second formulation, the first order conditions for non-cooperative behaviour are, for player 1

@ . bY  b¥ O
Y, +Y, Y, +Y, .

9 2 3 2 3: EéalaYlO

(1 0 0)¢ P R\ - R

Y +Y. Y +Y, . T

g 1 3 1 3 = é O Q
(25) (}_ b,Y; ) b.Y, 1 :
Y. t+Y, Y tY, @

3, g1+ k,) E, - 0.5k,E, - 0.5k,E,§0
(1 0 0 ggz g1+k,)E, - 0.5E, - O'SksEsf’l%:o
€0, g1+k,) E, - 0.5K E, - 0.5k, E,

Thefirst order conditions for cooperative behaviour are, for emisson reductions by player 1
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44. Leakage Results
Table 7 shows results of the two models presented above. The parameters are the same as above
(centrd estimates only). We assume aleskage of 10%, with 5% and 15% as sengitivity anayss.

Without trade interactions, the grand codlition nor any of the three possible coditions of two players
isinternaly stable. Thet is, in each codition, there is one player that is better of in the non-
cooperative case and thus has an incentive to leave the codition. This conclusion holds for the best
guess as wdll as for the sengtivity andyses. The only quditative difference with the case without
leakage is that the coalition between the USA and EU is no longer interndly stable.

In our first representation of trade interactions, the grand codition isin the & core, that is, al players
are better off with full cooperation that with nor+cooperation. The grand codition, however, is
internaly ingtable, using the myopic sahility criterion of Carraro (1997): The EU is better of if it plays
as asngleton, and the USA and Japan form a codition. The USA and Japan are better off ina
codition than as singletons, so the grand codlition is dso interndly ingtable using the far-sighted
gability criterion of Chwe (1994).

In our second representation of trade interaction, the grand codalition nor any of the three possible
coditions of two playersisinterndly stable. This holds for the best guess aswell asfor the sensitivity
andyss.

In our formulation, leskage dters the Srategic interests of the players, even though, in the chosen
representation, leakage does not ater relative and margina abatement costs. However, leskage does
dlter the effectiveness of emisson reduction.

Table 7. Optima emission reduction and pay- off.

Reduction (percent) Pay-off (million dollar)
USA EU15 Japan USA EU15 Japan
No Cooperation
NT 0.3 5.0 35 25.0 315 36.2
(7.1-7.5) (4.9-5.0) (29-4.1) (24.6-254) (31.4-31.6) (35.7-36.8)
T1 1.1 6.6 2.4 30.2 14.5 20.3

(09-14)  (6566)  (18-31) (28.9-31.6) (139-15.1) (19.4-21.1)
T2 5.4 5.6 3.3 19.7 27.4 31.1




(5.3-5.5) (5.6-5.6) (28-39) (19.4-20.0) (27.3-27.4) (30.2-31.4)
Full Cooperation
NT 22.0 14.9 10.5 1.8 60.1 102.7
(21.4-225) (14.8-15.00 (8.7-123) (-3.1-6.6) (60.0-60.2) (98.8-106.1)
T1 221 185 16.0 374 34.9 105.5
(21.3-22.9) (18.4-185) (14.1-17.9) (28.0-46.6) (33.7-36.1) (98.7-111.7)
T2 11.4 9.8 29.7 05 81.5 39
(11.4-11.49) (9.8-9.8) (29.7-29.7) (0.5-05) (81.5-815) (3.9-3.9)
Codlition of USA and EU
NT 14.6 10.0 35 22.9 48.9 70.8
(14.3-15.0)  (9.9-10.0) (29-4.1) (21.3-245) (48.3-49.4) (69.6-72.0)
T1 10.5 13.8 2.4 43.2 24.9 68.2
(10.0-11.1) (13.8-13.9) (1.8-3.1) (40.3-46.0) (23.8-26.0) (66.3-70.0)
T2 10.2 8.8 3.3 14.2 43.6 52.8
(10.2-10.2) (8.8-8.8) (28-39) 13.9-145) (43.1-441) (52.6-52.9)
Coalition of USA and Jgpan
NT 14.6 5.0 7.0 14.3 57.5 59.2
(14.3-15.0) (4.9-5.0) (5.8-82) (12.2-16.4) (57.2-57.7) (57.4-60.7)
T1 10.5 6.6 159 46.2 41.9 39.6
(10.0-11.2) (6.5-6.6) (14.6-17.1) (41.8-50.5) (40.7-43.1) (35.2-43.7)
T2 6.3 5.6 16.3 20.5 447 21.8
(6.3-6.3) (5.6-5.6) (16.3-16.3) (20.5-20.6) (44.7-44.7) (21.7-21.9)
Cadlition of EU and Japan
NT 7.3 10.0 7.0 39.1 28.3 47.2
(7.2-75)  (9.9-10.0) (5.8-82) (38.3-39.8) (27.8-28.8) (46.0-48.3)
T1 1.1 11.2 2.6 47.9 89 31.2
(0.9-1.4) (11.1-11.2 (1.3-3.8) (45.2-50.6) (8.6-9.2) (30.3-31.9)
T2 6.3 7.2 21.7 19.0 51.7 11.6
(6.3-6.3) (7.2-7.2) (21.7-21.7) (19.0-19.0) (51.7-51.7) (11.6-11.6)
Table 8. Ranking of priorities based on the payoffs (N= not in codition, C=in codlition)
NT T1 T2
US EU JAP US EU JAP UsS EU JAP
NNN 3 2 1 1 2 1 4 1 4
CCN 4 3 4 2 3 4 2 2 5
CNC 2 4 3 4 5 3 5 3 3
NCC 5 1 2 3 1 2 3 4 2
CCC 1 5 5 5 4 5 1 5 1
Table 9. Stable codlitions™
NT T1 T2
Internaly stable coditions ] {USEU}{USJAP} O
Externdly stable coditions® {EU,JAP} {USJAP} {US,EU} {EU,JAP}
Stable coditions %] {USJAP} %]

2 See the footnotes to table 6.



5. Conclusion

A number of conclusons emerge from the andysesin this paper. These conclusions are reached on
the basis of admittedly smple representations of complex interactions.

It matters whether trade affects only the tota costs of emission reduction or aso the margind costs.
If trade affects only the total emission reduction costs, optima emission reduction and the incentives
to cooperate are dmogt asif there were no trade effects. Thefirst result istrivia, the second is not.
Incentives to cooperate depend on total welfare effects, and these depend on trade. As cooperative
emission reduction is larger than non-cooperative emission reduction, the trade effect on welfareis
larger in case of cooperation than in case of nortcooperation. If trade spillovers of emission
reduction affect welfare negatively — the case considered in this paper — the incentives to cooperate
fal. However, the incentives to cooperate are dready small without these trade effects, which iswhy
we observe in the anayses above only a dight reduction in cooperation.

If trade affects both total and margind emission reduction costs, we find that cooperation is easier
than in the case without trade effects. The intuition behind this result is that the interdependence
between countries’ emission reduction policiesis stronger so that internationa coordination has a
higher pay-off.

Except for the internally stable codlition between USA and EU in the no trade Situation, leakage
changes the numbers but not the quditative ingghts. The intuition is straightforward. On the one hand,
leakage means that a country has less control over its own emissons. On the other hand, with
leakage, a country has some control over other countries emissons. Essentidly, leskage implies that
acountry has control over different base emissons. Leakage thus changes the relative importance of
countries, but not their incentives to abate or cooperate.

Clearly, the andysisin this paper isonly asmall step, and our understanding is far away from where
we would like it to be. The most obvious shortcoming is that we use a gatic andyss for adynamic
problem. The functiona forms are not a generic as can be, and the number of playersis limited.
Furthermore, the analyss shoud be extended to more linkages (e.g., technology) and to other issues
(eg., conventiond air pollution). All that is deferred to future research. For the moment, we conclude
that internationa trade and carbon |leakage are important considerations in the choice how much
greenhouse gas emissions to reduce and whether and with whom to cooperate.
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Appendix

Model results

1. 20 % emissionsreduction

Lowemired | Highemired Euuni Japuni USuni EUjap EUUS Japus
2010.JPN -8.908 -31.179 q -35.633 2.227 -33.409 4.454 -28.952
2010.CHN -3.244 -5.241] -250 998 -1.248 -749 -2.745 -1.747
2010.USA 0 -94.535 54.540 43.632 -87.263 47.268 -90.899 -80.081
2010.SSA -3.507 -5.846 -1.559 390 -1.559 -2.533 -4.287 -2.533
2010.ROW -1.810 -1.810 -1.810 q Qg -2414 -1.810 Qg
2010.CNA -8.991 -23.600 0 1.684 -2.248 -562 115.753 -2.810
2010.EU15 -86.653 -90.986 -83.820 -4.333 -64.990 -84.487 -83.820 -8.665
2010.REC -21.689 -61.625 -1.033 -689 Qg -1.721 -689 -344
2010.LSA -6.245 -10.929 -1.561 781 -3.903 -3.903 -8.587 -5.465
2010.ASIA -5.004 -12.511 0 0 -12.511 -2.502 -6.255 -1.043
2010.MIDE -16.523 -27.903 -7.343 1.102 -7.711 -12.484 -20.929 -12.851
Table 1: GDP changesin bil. US$92 2010 in comparison to BAU
Lowemired | Highemired Euuni Japuni USuni EUjap EUUS Japus
2020.JPN -10.797 -37.259 d -43.259 2.724 -41.123 5.603 -35.351
2020.CHN -4.393 -6.923 -334 1.299 -1.690 -970 -3.55(0 -2.308
2020.USA 0 -124.881 72.264 58.554 -117.98( 62.582 -119.26( -117.587
2020.SSA -3.591 -5.957 -1.64¢ 402 -1.654 -2.748 -4.51( -2.647
2020.ROW -1.849 -1.845 -1.8%4 Qg d -2.540 -1.887 q
2020.CNA -10879  -28.084 q 2,014 -2.699 -653  140.293 -3484
2020 EU15 117674 -122831)  -117.243 -5979 8708  -109411  -11635{  -11439
2020.REC -27.046 -76.723 -1.271 -827 d -2.126 -885 -432
2020.LSA -6.608 -11.279 -1.64¢ 847 -4.196 -4.235 -9.064 -5.601
2020ASIA 7647 19169 q q  -19617 -3.938 -9527 -1588
2020.MIDE -30964  5173q  -13.18] 199§  -1431]  -22759  -3815]  -2385])
Table2: GDP changesin bil. US$92 2020 in comparison to BAU
Lowemired |Highemired |  Euuni Japuni USuni EUjap EUUS Japus
2010.JPN -2669 -5527 29480 -4279 29480 -4700 29480 45310
2010.CHN 24738 25441 38390 23450 38390 24095 38390 5039
2010.USA 835 -5027 8061 5380 -60119 5967 -48048 -24511]
2010.SSA 450 796 2411 -4 2411 289 2411 -12242
2010.ROW 128 232 3697 -17 3697 T 3697 -6991
2010.CNA -71Q -1912 95 -59 95 337 95 793
2010.EU15 -19006 -20072 -195788 280 -195788 -116796 -195788 12390
2010.REC 3616 841 3749 17 9044 6089 9044 4038
2010.LSA 687 1201 13183 -33 13183 484 13183 -2098
2010.ASIA 254 406 5955 -82 5955 A 5955 -13848
2010.MIDE 2333 4126 9748 - -19589 1679 9748 -5191

Table 3: Export changesin bil. US$92 2010 in comparison to BAU



Lowemired | Highemired Euuni Japuni USuni EUjap EUUS Japus
2020.JPN -2935 -6444 41453 -6896 41453 -679 41453 80005
2020.CHN 985 -17177 8636 -269 8634 397 8636 -29442
2020.USA 2266 47704 27863 803( -8572 9563 -1270 24162
2020.SSA 649 1119 1580 -4 1580 442 158 -20001
2020.ROW 254 434 34N -2 34 175 349/ -13809
2020.CNA -1144 -2973 3972 -129 3763 -16165 444 13402
2020.EU15 -26606 -24855 -155137 43 -155137 -116234 -155137 121679
2020.REC -3159 -7283 3835 -14 3835 659 3835 -1863
2020.LSA 1127 2049 9592 -103 9502 -590 9597 -42222
2020.ASIA 1109 2049 -24830 -187 -27218 567 -26544 -42975
2020.MIDE 3114 5441 6584 -169 -26344 274 6584 -31531
Table 4: Export changesin bil. US$92 2020 in comparison to BAU
Lowemired | Highemired Euuni Japuni USuni EUjap EUUS Japus
2010.JPN 10278 32787 23204 46149 20109 42723 17014 758%
2010.CHN 38771 40731 40364 19894 44496 27785 50693 12392
2010.USA 2217 161292 -87664 -71248 90957 -77040 109968 131349
2010.SSA 13640 22785 8511 -1509 8511 9812 18733 -4063
2010.ROW 2169 2298 6592 -21 4581 2777 6592 -8664
2010.CNA 24494 85577 9 -6308 8426 2419 3019 11204
2010.EU15 146596 153853 46602 8053 3216 85157 46602 23062
2010.REC 12692 90917 5321 1024 9218 8721 10225 4617
2010.LSA 15045 26328 17527 -1830 2289 9463 33635 10309
2010.ASIA 9911 10064 6019 -83 10846 4922 10846 -9171
2010.MIDE 6748 11233 14384 -6240 20714 71468 127689 65712
Table5: Import changesin bil. US$92 2010 in comparison to BAU
Lowemired | Highemired Euuni Japuni USuni EUjap EUUS Japus
2020.JPN 12693 39307 32626 54686 28831 51801 24842 112097
2020.CHN 19189 1779 10233 -5649 15844 4419 23538 -20613
2020.USA 4170 170199 -98214 -94768 198892 -100265 208771 232380
2020.SSA 14177 23559 792¢ -1560 7953 10788 18644 -12327
2020.ROW 2371 2587 639( -27 4334 3033 6426 -17114
2020.CNA 29354 101142 3056 -7594 13756 -13683 8012 26268
2020.EU15 198609 209026 122257 10911 67349 130865 120634 92366
2020.REC 8011 104702 5767 1194 3909 3771 5203 -1267
2020.LSA 16341 28027 13928 -2050 19764 908 30939 -31828
2020.ASIA 15870 16859 -2500¢ -189 -19944 8171 -19480 -36089
2020.MIDE 11207 18318 13426 -11313 49819 129393 220074 97089

Table 6: Import changesin bil. US$92 2020 in comparison to BAU



Highemired | Lowemired Euuni Japuni USuni EUjap EUUS Japus
2010 0,8648 04324 0,1137 0,0384 0,1584 0,1977 0,2723 0,1523
2015 0934 0,467 0,122 0,0415 0,1699 0,2114 0,2919 0,1635
2020 1,0022 0,5011 01304 0,0445 0,1812 0,2251 0,3114 0,1749
2025 1,0692 05344 0,1384 0,0474 0,1924 0,2399 0,331 0,186
2030 1,148 0,574 0,1479 0,0507] 0,2051} 0,255 0,353 0,1986
Table 7: Carbon leakagein billion tons
1. 10% emissionsreduction
Lowemired | Highemired Euuni Japuni USuni EUjap EUUS Japus
2010.JPN -8.908 -31.179 g -13.363 0 -11.135 0 -11.1349
2010.CHN -3.244 -5.241 749 1.497 -250 250 -998 -250
2010.USA 0 -94.535 67.629 53.085 -32.724 41814 -50.904 -18.180
2010.SSA -3.507 -5.846 g 974 -39 -390 -1.169 -390
2010.ROW -1.810 -1.810 -603 g 0 -603 -603 g
2010.CNA -8.991 -23.600 1.124 1.684 -1.124 562 -1.124 0
2010.EU15 -86.653 -90.986 -25.996 -2.253 -17.331 -21.663 -26.429 -2.168
2010.REC -21.689 -61.629 -344 -344 0 -689 -344 g
2010.LSA -6.245 -10.929 781 1.561 -781 0 -2.342 -781
2010.ASIA -5.004 -12.511 g g -12.511 0 -3.753 -104
2010.MIDE -16.523 -27.905 0 3.672 -4.404 -2.203 -6.242 2570
Table 8: GDP changesin bil. US$92 2010 in comparison to BAU
Lowemired | Highemired Euuni Japuni USuni EUjap EUUS Japus
2020.JPN -10.797 -37.259 g -16.222 0 -13.708 0 -1359%
2020.CHN -4.393 -6.923 1.009 1.949 -339 323 -1.201 -33g
2020.USA 0 -124.881 89.609 71.240 -44.243 55.361 -66.786 -23.997
2020.SSA -3.591 -5.957 g 1.005 -414 -423 -1.230 -407
2020.ROW -1.849 -1.845 -619 g 0 -635 -629 g
2020.CNA -10.879 -28.084 1.360 2014 -1.35( 653 -1.362 0
2020.EU15 -117.675 -122.831 -34.315 -3.109 -23.223 -28.054 -34.622 -2.860
2020.REC -27.044 -76.723 -424 -413 0 -850 -442 0
2020.LSA -6.608 -11.279 824 1.694 -839 0 2473 -804
2020.ASIA -7.647 -19.166 g g -19.617 0 -5.716 -159
2020.MIDE -30.964 -51.736 0 6.653 -8.179 -4016 -11.379 -A.770

Table 9: GDP changesin bil. US$92 2020 in comparison to BAU



Lowemired | Highemired Euuni Japuni USuni EUjap EUUS Japus
2010.JPN -2669 -5527 33412 -1821 33412 -2079 33412 47729
2010.CHN 24738 25441 42422 22944 39194 25440 39031 6004
2010.USA 835 -5027 6589 4050 -30047 6675 -45349 -19625
2010.SSA 450 796 3070 286 2904 847 2891 -11684
2010.ROW 128 232 4057 -17 3751 483 4057 -6832
2010.CNA -710 -1912 95 -59 1140 4517 -801 2883
2010EU15 -19006 -20072 -186293 64682 -185949 -106819 -186363 22453
2010.REC 3616 841 4069 264 9533 6385 9291 4530
2010.LSA 687 1201 15720 -1729 14534 2177 14413 -19498
2010.ASIA 2 404 6432 -82 6432 4869 10730 -112235
2010.MIDE 2338 4124 11549 4714 -18817 3162 11012 -3750
Table 10: Export changesin bil. US$92 2010 in comparison to BAU

Lowemired | Highemired Euuni Japuni USuni EUjap EUUS Japus
2020.JPN -2934 -6444 46172 -4616 4971Q -2859 49710 114212
2020.CHN 985 -17177 11156 55 9220 5538 10148 -28565
2020.USA 2266 -47704 27127 4472 -3235 10851 2226 27479
2020.SSA 649 1118 1718 -3147 2068 824 1962 -19933
2020.ROW 256 434 3808 -330 3718 543 3629 -13680
2020.CNA -1144 -2973 5790 310 4285 -4042 4995 15178
2020.EU15 -26606 -24855 -78659 60419 -54508 -104831] -121594 191448
2020.REC -3159 -7283 3958 267 6501 1250 5020 -1433
2020.LSA 1127 2049 13652 -9237 10556 3470 10692 -40784
2020.ASIA 1108 2048 -238217 -187 -26740 12027 -14606 -11938
2020.MIDE 3115 41 10907 -2402 -25372 3084 7755 -30612
Table 11: Export changesin bil. US$92 2020 in comparison to BAU

Lowemired | Highemired Euuni Japuni USuni EUjap EUUS Japus
2010.JPN 10278 32787 20109 17135 10825 13838 95871 53042
2010.CHN 38771 40731, 40261, 17312 41190 25031 44120 7184
2010.USA 2217 161292 -112260 -8929Q 16878 -66693 42324 11532
2010.SSA 13640 22785 3400 -3334 4677 2393 7581 -11477
2010.ROW 2169 2298 5699 -21 3308 1269 5699 -8597
2010.CNA 24496 85577 -4072 -6516 5302 2210 3367 2873
2010.EU15 146596 153858 27645 2689 2592 8315 28985 17145
2010.REC 12692 90917 4650 773 9721 7514 9973 4566
2010.LSA 15045 26328 14842 -5409 17169 2303 20618 -1835
2010.ASIA 9911 10064 5054 -83 10363 4439 -738 -112967
2010.MIDE 6748 11233 15818 -15105 3178 15867 47288 10062

Table 12: Import changesin bil

. US$92 2010 in comparison to BAU



Lowemired | Highemired Euuni Japuni USuni EUjap EUUS Japus
2020.JPN 12693 39307 18392 18910 14988 16798 22415 108358
2020.CHN 19189 1776 7271 -8006 10845 4336 15739 -27901
2020.USA 4170 170190 -129537 -120833 74563 -86198 119979 70963
2020.SSA 14177 23558 1903 7252 3340 2497 6781 -20545
2020.ROW 2371 2587 5406 -409 3265 1378 5196 -16953
2020.CNA 29354 101142 729 -7159 9065 -6448 10027 15125
2020.EU15 198609 209026 2400 8052 6331 10557 8453 82268
2020.REC 8011 104702 4654 876 6624 2517 3750 -1461
2020.LSA 16341 28027 12554 -13656 13092 3671 16982 -41314
2020.ASIA 15870 16859 -24085 -189 -19944 2504 -10354 -11332
2020.MIDE 11207 18318 18333 -39801 16749 25881 72214 -8190

Table 13: Import changesin bil

. US$92 2020 in comparison to BAU



