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1 Introduction

The threat of climate change to the well-being of future generations appears to be
substantial (see, e.g., Goulder and Pizer (forthcoming), Stern (2006), Nordhaus (2006),
Tol (2006)). Mitigating climate change, however, is a global public good as each
country’s efforts to control emissions will benefit all countries in a non-exclusive and
non-rival manner. Countries therefore have an incentive to free-ride on other countries’
efforts to reduce greenhouse gas emissions. The prisoner’s dilemma aspect of mitigating
climate change and the absence of a supranational authority makes an international
coordination both crucial and exceptionally difficult to achieve. Countries may either
lack the incentive to sign an agreement and benefit from the signatories’ abatement

efforts or may not have incentives not to comply with promises made in an agreement.

There is a considerable body of literature addressing the underprovision of interna-
tional pollution control. At the practical level the Kyoto Protocol, as the first signif-
icant international effort to reduce greenhouse gas emissions, has been criticised for
being ineffective (see, e.g., Bohringer and Vogt (2003), Nordhaus and Boyer (1999),
?, McKibbin and Wilcoxen (2002), Barrett (2003)). As a consequence, various other
approaches to international coordination have been suggested. Aldy et al. (2003) sum-
marize the alternatives, which include an international carbon tax and international
technology standards. Recently, Gersbach (2007) has proposed a further alternative
for an international agreement by allowing each country to determine its own emission
tax while aggregate tax revenues are partially refunded to members in proportion to

the relative emission reduction they achieve within a period.

A considerable body of research has examined the formation of international environ-
mental agreements using game theoretic models. The main focus of this literature is
the conditions leading to coalition formation by signing a multiliteral agreement. Such
agreemnets must be self-enforcing since there is no supranational authority to enforce
compliance. Two types of models have been used: two-stage games (Carraro (2000),
Carraro and Siniscalco (1993, 1998), Chander and Tulkens (1992), Finus et al. (2006),
Hoel (1992)) and infinitely repeated games (Asheim et al. (2006), Barrett (1994, 1999,
2003)). The former literature has emphasized that either stable coalitions are small
or the abatement level that can be sustained in larger coalitions is small. The latter
literature focusses on renegotiation proof agreements and shows the the allocation of

abatement burdens is crucial for the formation of agreements. Similarily to the two-



stage game frameworks, it is unlikely that a grand coalition is formed or when it is
formed it will achieve very little. Moreover, sub-coalitions may be better for its mem-
bers than the grand coalition and regional agreements can Pareto dominate a regime

based on a global treaty.

In this paper we examine the global refunding scheme (GRS) regarding to its poten-
tial for an international treaty. We consider a simple two-stage model, in which each
country can freely set national abatement levels by choosing a national tax rate. Partic-
ipation implies that and an initial payment and national abatement taxes are collected
in a global fund, which is partially reimbursed in each period to member countries.
Each country receives refunds in proportion to the relative emission reduction over the
last period. The fraction of the fund which is not distributed to member countries is
invested and earns profits, which create a growing incentive for member countries to

comply with the agreement and to stay in the GRS.

2 Model World

We consider a world which lasts over two periods, t = 1 and ¢ = 2. In this world
there are n identical countries. The countries are is characterized by identical emission

functions FE, identical cost functions C' and identical damage functions D.

Emissions of country 7 in period t are assumed to be a strictly decreasing linear function

of emission taxes 7;. No emission tax results in baseline emissions é:

E=FE(t)=¢é—erl, with e>0, i=1,....n, t=12. (1)

We further assume that positive emission taxes 7° (and, thus, positive emission re-
ductions compared to the baseline emissions) induce strictly increasing and convex

abatement costs:

CZC(TZ)Z%(TZ)z, with ¢>0, i=1,....,n, t=12. (2)

Global emissions, which are the sum of emissions of all countries, in period t accumulate

the stock of greenhouse gases, s;, according to the following equation of motion

si=1=7)s1+ > E(r), with y>0, t=12, (3)
=1



where + denotes the constant and positive natural decay rate of greenhouse gases in

! The initial stock of greenhouse gases is denoted by s,. Without

the atmosphere.
loss of generality we assume that so = 0. This simplifies further calculations without

impacting qualitatively on our results.

The global stock of greenhouse gases in period t, s;, gives rise to strictly increasing and

strict convex damage, which is identical in all countries:

D:D(st)zgsf, with @3>0, t=1,2. (4)

Each country is assumed to set 77 in each period such as to minimize the present
value of total costs, given that all other countries act accordingly. Thus, we seek the
Nash equilibria of the two stage abatement game all countries play against each other.
Countries are assumed to discount outcomes in period ¢ = 2 with the discount factor
0 < 1.

3 Social Optimum and Nash Equilibrium without
Global Refunding

Before we introduce the global refunding scheme (GRS) in the next section, we inves-
tigate the global social optimum and the Nash equilibrium without an international
agreement. As is well known from the literature, the latter is inefficient because the
emissions of each individual country induce externalities on all other countries, which

the individual countries do not take into account while choosing their emission taxes.

Both outcomes, the global social optimum and the Nash equilibrium are important
baseline scenarios for any potential international agreement. Obviously, any agreement
to be seriously considered has to outperform the Nash equilibrium. Moreover, an

agreement is the “better” the closer its outcome resembles the global social optimum.

3.1 Global Social Optimum

Consider a global social planer who seeks to minimize the net present value of global

costs of emission abatement and the sum of national damages stemming from green-

'Note that emissions accumulate the stock of greenhouse gases instantaneously. This is a useful
assumption as we only consider two priods of time.



house gas emissions. That is

2 n
min . Z(St_l [Z

{r e A e, =1 j=1

()2 +n@s§] , (5)

O[S

2

subject to equation (3).

The corresponding Lagrangian yields:

2 n
_ t—1 b jva, B
E—t:1 {5 [E 2(7}’) +ng s

j=1

+ &€ [(1 — )81 + Z (e— Eth) — st] } , (6)

j=1

where A¢ denotes the Langrange multiplier or shadow price for the global stock of

greenhouse gases in period t. The first order condition for an optimal solution are

gﬁ. = ¢l —eN99 = 0, i=1,...,n,t=1,2, (7a)
t

oL t—1 GO GO

95 nBs 0" + (1= 5 - A" = 0, t=1,2, (7b)

where A{” = 0. These necessary conditions are also sufficient for a unique solution due
to the strict convexity of the Lagrangian. Equation (7b) can be solved by backward

induction to yield:
2
MO =npd 1 —)f s, t=1,2. (8)
k=t

Note that A& equals the net present value of all global future damages stemming from
a marginal unit of emissions in period ¢. Now, the interpretation of equation (7a)
is straightforward. In the optimum, the costs incurred by a marginal increase of the
emission tax 77 equal the net present value of all avoided global future damages from

the emissions abatet by the marginal increase of the emission tax.

Inserting equation (8) into the equation (7a) yields the 2n necessary and sufficient

conditions for the 2n emission taxes 7/ for a global social optimum:

2
¢1i =neB Y ST —) s, i=1, ., t=1,2. (9)
k=t

For fixed ¢, the right hand side of equation (9) is identical for any i = 1,...,n. As a

consequence, all countries set the same emission taxes 7; in the global social optimum.



Inserting equation (3), yields a system of 2 linear equations for the optimal emission

taxes 77 and 73

¢[1+0(1 =) (2 -] +n*p

(¢ +n2e23)? + pn2e235(1 — )2’
¢(2 —7) +n’ep

(¢ +n2e23)? + pn2e235(1 — )2

(10a)

T = n’efe

5 = n’efe (10Db)
Inserting 71 and 73 into the equation of motion for the greenhouse gas stock (3),we

derive for the optimal stocks s} and s3:

¢+ n?e2B[1 — (1 — )]
(¢ +n?eB)? + ¢n?e?Bo(1 — )
¢(2 =) +n*?p
(¢ +n2e[)? + ¢gn2e23o(1 — )%

] = n¢e (11a)

(11Db)

sy = nge

3.2 Nash Equilibrium

Now, consider a local planer for each country (e.g., government), who seeks to minimize
local costs and damages given that all other countries act accordingly. Thus, one

obtains the following optimization problem for country :

2
min Y0 | St + st (12)

2 =
subject to equation (3).
Thus, the corresponding Lagrangian yields:
L= 22: {5t_1 [?(71)2 + ész] + ANE [(1 — )8t + zn:(— /) — ] } . (13)
— o \Tt o 5t t V) St o € — €Ty St+1

Again, AM¥ denotes the Lagrange multiplier or shadow price of the stock of greenhouse

gases in period t. Hence, we derive the following necessary conditions

Sfi = o6t —eAVF = 0, t=1,2, (14a)
t

8£ t—1 NE NE

8—515 = 6815(5 + (1 - ’)/)>\t+1 - )\t == 0, t= 1,2 y (14b)

with AYF = 0. Analogously to section 3.1, these necessary conditions are also sufficient

for a unique solution due to the strict convexity of the Lagrangian. By backward



induction we obtain the following formula for the shadow price AN:

2
AE =B 61—y e, t=1,2. (15)
k=t

Inserting equation (15) into the equation (14a) yields the 2 necessary and sufficient
conditions for the emission taxes 7¢ for a local optimum of country 4, given the emission

taxes 77 of all other countries:

2
o1i = eB3' Y ST L) s, t=1,2. (16)
k=t

The set of the necessary and sufficient conditions (16) for all countries i uniquely
determines the Nash equilibrium. Again, the right hand side is identical for all countries
1. As a consequence, in the Nash equilibrium all countries set the same emission taxes

7. We derive for the emssion taxes 7, and 7

P[1+0(1=7)(2—7)] +ne*3

T e+ onn( ) e

. _ $(2 —7) +ne’p

B a0 T gneBa(l = ) (17b)
and for the stocks 5; and $s:

. B ¢+n625[1—5(1—7)]

S O R e BT — A (182)

5 = neé 2 —7) +ne’s (18h)

(¢ + ne2B)? + pne?3o(1 — )%

From equation (15) we see that in the Nash equilibrium the shadow price for the stock

ANE " only accounts for local damages. In fact, abating emissions

of greenhouse gases,
in country ¢ induces a positive externality for all other countries j # i, as it reduces the
global stock of greenhouse gases and, thus, the damages in all countries. In the Nash
equilibrium these positive externalities are not taken into account. As a consequence,
the shadow price in the Nash equilibrium is lower than in the global social optimum.
Accordingly, optimal abatement (respectively emission tax) is higher in the global social

optimum.?

2This result is well known from public economics. The public good emission reduction is provided in
suboptimal amount, because the producer (country 4) is not sufficiently compensated by the consumers
(countries ¢ # j) of the public good.



4 Global Refunding Scheme

Instead of playing the Nash equilibrium as outlined in section 3.2, countries can choose
to participate in a golbal refunding scheme (GRS). Members are free to choose national
emission taxes 7/ but agree to pay an initial fee to a global fund. In addition, the
emission tax revenues of all countries in all periods are collected in the fund, too.
In each period t, a central agency decides about the fraction (1 — ;) of the fund’s
assets which is invested and earns interest p per period. The remaining fraction «; is

reimbursed to the participating countries.

In the following, we analyze the capability for a GRS to overcome the prisoner’s
dilemma structure of mitigating climate change. First, we explain the rules and the
timing of payments and refunds in detail. Second, we show that given that all coun-
tries sign the treaty and all countries comply with the agreement, a central agency can
choose parameters such that the global social optimum is achieved. Third, we show
that the GRS is self-enforcing in the sense that, given that all countries have signed the

agreement in the first period, all countries comply with the GRS in the second period.

4.1 Rules and timing of the GRS

The timing of the GRS is illustrated in figure 1. At the beginning of period t = 1
countries decide whether to sign the GRS or not. Then, the central agency (CA)
anounces the identical initial payments iy for all participating countries, which are
transferred to a global fund f;. It also announces the fractions a; and «s of the funds,
which are reimbursed to the member countries in periods ¢ = 1 and £ = 2, and the
baseline emissions ©; and ©,, which have to be undercut by member countries to be
eligible for a refund. Given this information, countries choose national emission taxes
and participating countries transfer national emission tax revenues to the global fund
f1. At the end of period ¢t = 1 the CA reimburses the fraction «; of the fund f; to
member countries. Each member country recieves a share in proportion to the relative
greenhouse gas reductions compared to the baseline emissions ©;. The remaining fund

earns interest p and is transferred to the next period’s fund fs.

At the beginning of period ¢ = 2 member countries decide if they leave the GRS, in
which case the loose any claims on payments from the global fund. In case countries

leave the GRS, the CA may announce an updated refund fraction as and baseline



countries join GRS fund earns interest p
countries may leave GRS
CA announces 79, oy, O,

members pay g CA may announce new «yg, 69
countries set 7} countries set 75
members transfer tax members transfer tax
CA refunds o f; CA refunds as fs

and remaining fo

period t =1 period t = 2
Figure 1: An illustration of the timing of the global refunding scheme.

emission ©5. Again, all countries set national emission tax levels and member countries
transfer emission tax revenues to the global fund. At the end of period t = 2 the CA
refunds the fraction as to the member countries according to the refunding rule. In
case that as < 1, the remaining fund f5 is equally among the member countries by a

lump-sum transfer.

Formally, the refund r}, which a member country i receives in period ¢, equals
O, — (e —et})

> iecrs [Or — (€ —erf)]

where «; is the fraction of the fund f; which is refunded in period ¢t. The assets of the

70 Y t:1727 (].9)

T, = max |ayf;

fund f; at the end of period ¢ before repayments are made is given by:

fi= fo+ D Tile—er), (20a)
i€GRS
o= (+pA—a)fi+ Y mEe—en), (20b)
1€GRS

where fj is the sum of all initial payments of all member countries. We assume the

interest rate p to correspond to the disount factor 9, i.e.:

p=—-—1. (21)



In the following we investigate the incentives to reduce greenhouse gas emissions created
by the GRS in detail.

4.2 Full Participation Outcome

In a first step, we assume that all countries join the GRS in period ¢t = 1 and all coun-
tries decide to stay in the GRS in period ¢ = 2. We will call this the full participation
assumption. Given this assumption, we derive the necessary and sufficient conditions
for the optimal emission taxes 77. In addition, we show that under this assumption
the CA can always announce initial payments ig, distribution fractions «; and as and
baseline emissions ©; and ©,, such that the global social optimum is achieved. For a
more convenient presentation, we assume that r! > 0 for all countries i and periods ¢
and verify this assumption ex post. Thus, given that all countries ¢ participate in the

global refunding system, each country ¢ solves the following optimization problem:

O, — (e —et)) |
Zj:l [@t —(e— 57}])]

gy 2 2

T2 =1

N [cb o ]
mmZé (T2 4+ =82+ 7/ (6 — e1!) — aufy (22)

subject to equations (3) and (20).

This implies the following Lagragian

2 ,
t—1 | ¢ éz . O — (e —e7)
Z {5 [ 25t +7 (6 57}) atftZ;L:1 [@t - Eth)}

+ A [(1 —Y)st1 + Z(é —erf) — st] }

+ p§ts fo—l-ZTf(é—ETf) —f1]

] (23)

1—a
+ uGRS ( 1) f1+ZT2 (6 —er)) — f2] :

where A&7 and p&%9 denote the Lagrange multipliers or shadow prices of the stock

of grenhouse gases s; and the fund f;.

10



The necessary conditions for an optimal solution are:

' , O, — (e —etf
276 = 8" 1) + (€ — 2e1)) — en [, s [ all t )] 2 (24a)
t ZFI O; — (e — 67}])]}

— MBS (e = 2erHuf = 0, t=1,2,
oL
g = s (=R AEE =0, r=12, (24b)
oL _ O, — (e —ett) 1— oy
oL st t o GRS 2Uc
of: : > [0 — (& —erf)] 5 .

_uORS — g =12,

with A% = 0 and p§® = 0. In the case that the Lagrangian is strictly convex
at least along the optimal path?®, these necessary conditions are also sufficient for a
unique solution. By backward induction, we obtain the following formulae for the

shadow prices A&7 and p©fs:

2
>\tGRS = ﬂZék—l(l - 7)k_t8k ; = 17 2 ’ (25)
k=t

GRS i o 5]6—1 (1 B ak)k_t ®t _ (é B 67—;) t 1 2 (26)
M e — k oy — - 5 = 1, .
' Tt 0 Zj=1 [@k —(e— 57—/1)}

Inserting equations (25) and (26) into condition (24a) yields the following 2 necessary

and sufficient conditions for country i:

ori = —(e—2e7)) ll—Zaku—ak)k-t O e ] (27)

k—t > i Ok — (e - esz

+ e85 [51 = 7)) se + earf, 2y [0 (2 ETN s, t=12.
= (T [0 = (e —er)]}

As all n countries are identical we only consider symmetric equilibria. Thus, all coun-

tries set the same emission taxes, i.e., 7/ = 7; Vi. Then, equations (27) reduces to:

2
_ i 873 - —
or = —(e—2er)) [1 =Y =) B [0 =) s (28)
(n — Deafy
O, —(e—er)]’
3Convexity of the Lagrangian hinges in particular on the value of the exogenous parameter e and

the values of the baseline emissions ©;. In fact, for any given e it is possible to find ©; high enough
for the Lagrangian to be strictly convex.

+ t=1,2.

11



By inserting s; and f; we derive a system of two quadratic equations in 77 and 75, which

is (at least in principle) solvable.

However, we are more interested in the question how the central agency has to set
the parameters fy, oy and O, in order to achieve the global social optimum as derived
in section 3.1. If we insert 77 and 75 into equations (28) and take into account that

equation (9) hold in the global social optimum, we derive

(n — ey fi
n?[0; — (e —er)]’

2
—1
B = (2er{ —e) 1-> t=1,2, (29)

n
which is an overdetermined system of equations as we have only 2 equations for 5
unknown variables. This implies that the central agency has some degree of freedom
how to implement the global social optimum. In fact, we will assume that ay = 1,
which implies no lump-sum transfers at the end of period ¢ = 2. Thus, we determine
the values of fy and oy dependend on the baseline emissions ©; and ©,. This additional
degree of freedom will become important in the next section, when we consider under
what conditions no country has an incentive to leave the agreement at the beginning

of period t = 2.

5 Numerical Example
6 Discussion

7 Conclusion

12



References

ALDY, J., BARRETT, S. AND R. STAVINS (2003): ‘13+1: a comparison of global
climate change polica architectures’. Discussion-Paper No. 03-26, Resources for the
Future, Washington, DC.

AsHEIM, G., BRETTEVILLE FrROYN, C., Hovi, J. AND M. F.C. (2006): ‘Regional
versus global cooperation for climate control’; Journal of Environmental Economics
and Management, 51: 93-109.

BARRETT, S. (1994): ‘Self-inforcing international environmental agreements’, Ozford
Economic Papers, 46: 878-94.

BARRETT, S. (1999): ‘A theory of full international cooperation’, Journal of Theoret-
tcal Politics, 11: 519-41.

BARRETT, S. (2003): Environment and Statecraft. Oxford University Press, Oxford.

BOHRINGER, C. AND C. VOGT (2003): ‘Economic and environmental impacts of the
Kyoto protocol’;, Canadian Journal of Economics, 36: 475-94.

CARRARO, C. (Ed.) (2000): Efficiency and Equity of Climate Change Policy. Kluwer,
Dordrecht.

CARRARO, C. AND D. SINISCALCO (1993): ‘Strategies for the international protection

of the environment’, Journal of Public Economics, 52: 309-28.

CARRARO, C. AND D. SINISCALCO (1998): ‘International environmental agreements:

incentives and political economy’, Furopean Economic Review, 42: 561-72.

CHANDER, P. AND H. TULKENS (1992): ‘Theoretical foundations of negotiations and

cost sharing in transfrontier pollution problems’, European Economic Review, 36:
388-99.

Finus, M., VAN IERLAND, E. AND R. DELLINK (2006): ‘Stability of climate coalitions

in a cartel formation game’, Fconomics of Governance, 7: 271-91.

GERSBACH, H. (2007): ‘The global refunding system and climate change’. Working-
Paper No. 07/62, CER-ETH — Center of Economic Research at ETH Zurich.

13



GOULDER, L. AND W. P1zER (forthcoming): ‘The economics of climate change’. In
DURLAUF, S. AND L. BLUME (Eds.): New Palgrave Dictionary of Economics. 2nd

edition. Macmillan, Basingstoke.

HoEeL, M. (1992): ‘International environment conventions: The case of uniform re-

ductions of emissions’, Environmental and Resource Economics, 2: 141-59.

McKiBBIN, W. AND P. WILCOXEN (2002): ‘The role of economics in climate change

policy’, Journal of Economic Perspectives, 16: 107-29.

NorDHAUS, W.D. (2006): ‘After Kyoto: alternative mechanisms to control global

warming’, American Economic Review, 96: 31-4.

NorDHAUS, W.D. AND J.G. BOYER (1999): ‘Requiem for Kyoto: an economic
analysis’. In: The Costs of the Kyoto Protocol: A Multi-Model Evaluation. Energy
Journal, Special Issue. Pages 93-130.

STERN, N. (2006): The Economics of Climate Change — The Stern Review. Cambridge
University Press, Cambridge.

Tor, R. (2006): ‘Why worry about climate change? A research agenda’. Nota di
Lavoro 136.2006, Fondazione Eni Enrico Mattei, Milano.

14



