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Abstract
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between a resource-exporting cartel and a coalition of resource-importing country govern-
ments for investigating under what conditions a carbon tax would make it possible for the
coalition to appropriate part of the cartel’s profits. The results show that the tax defined by
the Markov-perfect Nash equilibrium is a neutral pigouvian tax — in the sense that it
corrects only the market inefficiency caused by the stock externality. However, if the
coalition acts as a Stackelberg leader, the strategic pigouvian taxation allows importing
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1. Introduction

Several papers have recently been published on the intertemporal properties of a
carbon tax. Among them are Hoel (1992, 1993), Sinclair (1992, 1994), Ulph and
Ulph (1994), Wirl (1994, 1995), Wirl and Dockner (1995), Tahvonen (1995,
1996), Farzin (1996), Farzin and Tahvonen (1996) and Hoel and Kverndokk
(1996). These papers can be classified in two groups, depending on the approach
followed by the authors. A first group formed by Hoel, Sinclair, Ulph and Ulph,
Farzin, Farzin and Tahvonen, and Hoel and Kverndokk has focused on the optimal

1pricing of a non-renewable resource with environmental stock externalities. The
second group of authors has tried to capture the strategic features of the global
warming problem, developing a model of long-term bilateral interaction between a
resource-exporting cartel and a coalition of governments of resource-importing
countries. In this framework, they have studied the strategic taxation of CO2

emissions by the governments of the importing countries and thus have clarified
which are the determinants of the carbon tax dynamics when the strategic behavior
of the agents is taken into account. Although much has been explained, one
question, at least, remains puzzling. As Wirl (1995) pointed out, a carbon tax is a
policy instrument to correct for externalities associated with CO concentration but2

a carbon tax may also assist in reaping part of the cartel’s profits. This paper
focuses on this issue, investigating under what conditions a carbon tax would
allow resource-importing country governments to appropriate part of the monopoly
profits.

Our conclusions show that the tax defined by the Nash equilibrium is a neutral
pigouvian tax — in the sense that the tax corrects only the market inefficiency
caused by the stock externality, and has no effect on the cartel’s monopoly power.
Moreover, we find that part of the cartel’s monopoly profits may be reaped by the
strategic pigouvian taxation only if the coalition of importing countries has a
strategic advantage. We show that in that case consumers’ welfare increases, and
the cartel’s profits and aggregate welfare decrease compared with the Markov-
perfect Nash equilibrium. We also clarify the result obtained by Tahvonen (1996),
showing that when the resource cartel acts as the leader of the game, the feedback
Stackelberg equilibrium is identical to the Markov-perfect Nash equilibrium.

The paper is organized as follows: we present the global warming differential
game in Section 2; Section 3 computes the Markov-perfect Nash equilibrium, and
Section 4 the feedback Stackelberg equilibria. In Section 5 we develop a
comparative analysis of the Nash equilibrium and the Stackelberg equilibrium in

1Within this group Hoel’s approach could be differentiated from the one followed by the rest of the
authors. Hoel uses a dynamic pollution game with N countries and defines the optimal carbon tax as the
pigouvian tax that reproduces the social optimum. We can also include Forster’s (1980) paper in this
group, although he does not sketch the consequences of his model for the temporal path of a pollution
tax.
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which importing countries are leader. Section 6 summarizes the conclusions and
suggests directions for future research.

2. The model

We use a slightly modified version of the one-state variable model presented in
Wirl (1995). Assuming that the consumers of the importing countries act as
price-taker agents, we can write the discounted present value of the consumers’ net

` 2d t 2 2welfare as: e e haq(t) 2 (1 /2)q(t) 2 [ p(t) 1 c(t)]q(t) 1 R(t) 2 ´z(t) j dt, where0
2

d is the discount rate, aq(t) 2 (1 /2)q(t) the consumers’ gross surplus, q(t) the
amount of the resource bought by the importing countries, p(t) the producer price,
c(t) the tax fixed by the importing country governments, R(t) a lump-sum transfer

2that the consumers receive from the government, and ´z(t) the environmental or
pollution damage function, where z(t) denotes the cumulative emissions and ´

stands for a positive parameter. Global warming is a clear example of a stock
externality. Hence, consumers take as given not only the price of the resource, but
also the evolution of the accumulated emissions and the lump-sum transfer. The
resource demand thus depends only on the consumer price: q(t) 5 a 2 p(t) 2 c(t).

The governments of the importing countries tax emissions in order to maximize
the discounted present value of the net consumers’ surplus. They reimburse tax
revenues as lump-sum transfers to consumers, so that the after-tax consumers’ net

2welfare does not depend on tax revenues. The optimal time path for the tax is thus
given by the solution of the following problem:

`

12d t 2]Hmax E e a(a 2 p(t) 2 c(t)) 2 (a 2 p(t) 2 c(t)) 2 p(t)(a 2 p(t)2hc (t )j
0

2J2 c(t)) 2 ´z(t) dt. (1)

The dynamics of cumulative resource consumption determine simultaneously
the dynamics of the CO concentration in the atmosphere. We are assuming that2

3depreciation of cumulative emissions is zero so that emissions are irreversible:

~z(t) 5 a 2 p(t) 2 c(t), z(0) 5 z $ 0. (2)0

Let us turn to the other side of the market. We assume that extraction costs

2This is the main difference with Wirl’s model. In this respect we follow Tahvonen’s (1996)
approach.

3This simplified version of the cumulative emission dynamics, where cumulative extractions are used
as a proxy of CO concentration, has also been employed by Hoel (1992, 1993), Wirl (1994), Wirl and2

Dockner (1995), and Tahvonen (1995, 1996).
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depend linearly on the rate of extraction and on the cumulative extraction. The
objective of the cartel of producers is to define a price strategy that maximizes the

4present value of profits:

`

2d tmax E e ( p(t) 2 cz(t))(a 2 p(t) 2 c(t)) dt. (3)h j
h p(t )j

0

Tahvonen (1995, 1996) considered the possibility of a non-linear function for
extraction costs; the assumption of linear costs with respect to the extraction rate,
however, has been extensively used in the economic literature of non-renewable
resources — see, e.g., Ulph and Ulph (1994), Wirl (1995), Farzin (1996), Farzin
and Tahvonen (1996) and Hoel and Kverndokk (1996). If we assume that average
extraction costs are increasing with respect to the extraction rate, we are implicitly
assuming that the extraction technology exhibits decreasing returns to scale; but
decreasing returns must reflect the scarcity of an underlying, unlisted factor of
production distinct from the natural resource. For this reason, in a long-run
analysis when all production factors are considered variable, the constant-returns
assumption is more reasonable than the decreasing-returns assumption.

We also assume the stock externality to be largely irrelevant to the welfare of
exporting countries, and the cumulative extractions to be constrained not by the
resource in the ground, but by its negative impact on extraction costs and climate.
Moreover, we assume that the producers get no utility from consuming the

5resource. We represent the strategic interactions in the resource market as a
differential game between a coalition of importing-country governments and a
cartel of oil exporters, where the coalition of importing countries chooses the tax
and the cartel the price.

3. A neutral pigouvian tax

This section solves the differential game through the computation of a Markov-
perfect Nash equilibrium. We use Markov strategies because these kinds of
strategies, which capture essential strategic interactions, are analytically tractable
and provide a subgame perfect equilibrium that is dynamically consistent.

Markov strategies must satisfy the following system of Bellman equations:

4Because there is no uncertainty in our model, we can establish that in the equilibrium market
resource consumption is equal to the extraction rate and, consequently, cumulative emissions are equal
to cumulative extractions.

5This is a reasonable assumption at the aggregate level, although it is not always true for individual
countries.
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1 2 2]HdW 5max a(a 2 p 2 c) 2 (a 2 p 2 c) 2 p(a 2 p 2 c) 2 ´z1
hc j 2

9 J1 W (a 2 p 2 c) , (4)1

9dW 5max h( p 2 cz)(a 2 p 2 c) 1 W (a 2 p 2 c)j. (5)2 2
h pj

Where W (z) and W (z) stand for the optimal current value functions associated1 2

with problems (1) and (3); i.e., they denote the maxima of the objectives (1) and
9 9(3) subject to (2) for the current value of the state variable, and W and W are1 2

6their first derivatives.
From the first-order conditions for the maximization of the right-hand sides of

the Bellman equations, we get the reaction functions of the governments and
producers:

N N9c 5 2 W , (6)1

1N N N N] 9p 5 (a 1 cz 2 W 2 c ). (7)22

These results establish that the optimal tax is independent of the price fixed by the
7producers, and that the price and the tax are strategic substitutes for the producers.

Thus, for the governments of the importing countries the optimal policy, as we
show below, consists of defining a neutral pigouvian tax equal to the user cost or
shadow price of cumulative emissions. This means that when there is no strategic
advantage, i.e., when the two players move simultaneously, the importing
countries cannot use the tax to reduce the market power of the cartel, and the
optimal tax corrects only the market inefficiency caused by the stock externality.

By substitution of (6) in (7), we get the solution of the price as a function of the
N N N9 9first derivatives of the value functions: p 5 1/2(a 1 cz 1 W 2 W ). Next, by1 2

incorporating the optimal strategies into the Bellman Eqs. (4) and (5), we
eliminate the maximization and obtain, after some calculations, a pair of nonlinear
differential equations:

1N N N N 2 N 2] 9 9dW 5 (a 2 cz 1 W 1 W ) 2 ´(z ) , (8)1 1 28

1N N N N 2] 9 9dW 5 (a 2 cz 1 W 1 W ) . (9)2 1 24
N N9 9Notice that both value functions depend on W 1 W , as does the consumer1 2

N N Nprice, p 5 p 1 c :

6Time arguments and the argument of the value function will be eliminated when no confusion
arises.

7Superscript N stands for the Markov-perfect Nash equilibrium.
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1N N N N] 9 9p 5 [a 1 cz 2 (W 1 W )], (10)1 22
N N9 9This regular occurrence of the term W 1 W simplifies the solution of the1 2

differential equation system (8) and (9) and allows (as happens in Wirl’s model) a
complete analysis of the game defined in Section 2.

Before presenting the Markov-perfect Nash equilibrium, we want to establish
and demonstrate the result we mentioned above:

Proposition 1. The Markov-perfect Nash equilibrium of the game defines a
neutral pigouvian tax.

Proof. We compute the monopolistic equilibrium without the intervention of
importing countries’ governments, assuming that consumers take into account the
damage caused by the cumulative CO emissions, and then we ascertain that this2

equilibrium is identical to the Nash equilibrium. The monopolistic equilibrium is
calculated in two stages. In the first stage, price-taker consumers determine the
demand function, and, in the second, the cartel decides on the price.

The Bellman equation for the consumers, if they internalize external costs is

1 2 2] 9dW 5max haq 2 q 2 pq 2 ´z 1 W qj. (11)1 1
hqj 2

The maximization of the right-hand side gives us the resource demand function,
9q 5 a 2 p 2 W , and substitution in the producers’ profit function yields1

9 9 9dW 5max h( p 2 cz)(a 2 p 2 W ) 1 W (a 2 p 2 W )j. (12)2 1 2 1
h pj

From the maximization of the right-hand side, we obtain the same optimal strategy
M N 9 9as in the Nash equilibrium, p 5 p 5 1/2 (a 1 cz 1 W 2 W ), where the1 2

superscript M stands for the monopolistic equilibrium without the inefficiency
caused by the stock externality. Then, by substitution of the control variables into
the Bellman equations, we get the same system of differential equations, (8) and
(9), and, consequently, the same solution. Therefore, the monopolistic equilibrium,
without stock externality, is identical to the Nash equilibrium. We can thus
conclude that the optimal tax defined by the Nash equilibrium is a neutral
pigouvian tax, in the sense that it corrects only the inefficiency caused by the stock
externality and leaves the cartel with its monopolistic profits. h

In order to derive the solution to the differential equation system (8) and (9), we
N Nguess quadratic representations for the value functions W and W ,1 2

1 1N N 2 N N N N 2 N N] ]W (z) 5 a z 1 b z 1 m , W (z) 5 a z 1 b z 1 m , (13)1 1 1 1 2 2 2 22 2

and we apply the same procedure as the one used by Wirl and Dockner (1995) to
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8 N Ncalculate the coefficients. The results appear in Table 1, where c 2 x and a 1 y
are given by the following expressions:

2 1 / 21 4 16 dN H F S DG J] ] ] ]c 2 x 5 2 d 1 cd 1 1 2´ . 0, (14)2 3 3 3

4adN ]]]]]a 1 y 5 . 0. (15)N4d 1 3(c 2 x )

The solution to the differential equation system (8) and (9) allows us to derive
the linear Markov-perfect Nash equilibrium strategies for the consumer price, the
tax and the producer price, and to obtain an explicit solution for the differential
equation (2) given by:

1N N N N]H Jz 5 (z 2 z ) exp 2 (c 2 x )t 1 z , (16)0 ` `2
N Nwhere z is the cumulative emission long-run equilibrium: z 5 ad /(cd 1 2´).` `

From now on, we assume that z 5 0 and compute the dynamics of the producer0
9price, the emission tax and the consumer price. To get the temporal paths of these

variables, we eliminate z in the linear strategies for p, c and p by using (16):

acd 1 1N N N N N]]] ] ]H Jp 5 2 (c 1 a 2 a )z exp 2 (c 2 x )t , (17)1 2 `cd 1 2´ 2 2

2a´ 1N N N N]]] ]H Jc 5 1 a z exp 2 (c 2 x )t , (18)1 `cd 1 2´ 2

1 1N N N] ]H Jp 5 a 2 (a 1 y ) exp 2 (c 2 x )t . (19)2 2

Table 1

1 1 1N N 2 N N 2] ] ]a 5 F (c 2 x ) 2 2´G a 5 (c 2 x )1 2d 4 2d
N Na(c 2 x ) 2a(c 2 x )

N N]]]] ]]]]b 5 2 b 5 21 2N N4d 1 3(c 2 x ) 4d 1 3(c 2 x )
1 1N N 2 N N 2] ]m 5 (a 1 y ) m 5 (a 1 y )1 28d 4d

8For this reason we omit here the computation of these coefficients. See Wirl and Dockner (1995), in
particular their Appendix B, for an illustration of this procedure. We have used the following

N N N N N Ntransformation: x 5 a 1 a and y 5 b 1 b . This transformation is useful because it reduces the1 2 1 2

calculation of the coefficients to two instead of four simultaneous equations. Complete computation is
available upon request.

9This assumption simplifies the analysis enormously and helps us to reduce the length of the paper.
Nevertheless, the results obtained in the rest of the paper can be generalized for a z strictly positive.0
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These expressions reveal that along the equilibrium path the consumer price
increases monotonically and the market equilibrium approaches a long-run
equilibrium characterized by: p 5 a, p 5 acd /(cd 1 2´) and c 5 2a´ /(cd 1` ` `

2´). However, the signs of the slopes of the producer price and tax temporal
trajectories remain ambiguous. Hence, the producer price and tax can follow
different temporal trajectories depending on the values of the cost parameters c
and ´.

Three cases are possible: the price is decreasing and the tax is increasing, the
price is increasing and the tax is decreasing and, finally, the price and the tax are

10increasing. The economic interpretation of this result is the following: if
depletion effects are sufficiently small, environmental damages are limiting
consumption in the long-run. Accordingly, the increase in environmental damages
dominates the increase in extraction costs and the tax increases and the producer
price decreases. However, if environmental damages are sufficiently small,
resource scarcity is limiting consumption in the long-run and the tax is decreasing
since the monopoly rent declines to zero as extraction costs approach the choke
price. In that case, the increase in extraction costs dominates the increase in
environmental damages and the tax decrease and the producer price increases. The
third case obviously applies for intermediate values of the cost parameters c and ´.

4. Feedback Stackelberg equilibria

Another possible solution for the game can be calculated applying the feedback
Stackelberg equilibrium concept. To study this case, we assume a repeated
two-stage game in which the leader moves first. To find the leader’s optimal
policy, we apply backward induction, substituting the reaction function of the
follower in the Bellman equation of the leader, and computing the optimal strategy
by maximizing the right-hand side of this equation. This procedure selects only the
time-consistent strategies. The resulting outcome is a feedback Stackelberg
solution, which is a Markov-perfect equilibrium. If we now assume that the
resource cartel acts as the leader in the game, the following result can be derived:

Proposition 2. When the resource cartel acts as leader, the feedback Stackelberg
equilibrium is identical to the Markov-perfect Nash equilibrium.

Proof. By substituting the reaction function of the governments into the Bellman
S Nequation of the cartel, we get (12). By maximization p 5 p 5 1/2(a 1 cz 1

9 9W 2 W ), where the superscript S stands for the feedback Stackelberg equilib-1 2

rium. Hence, by substituting the control variables into the Bellman equations, we

10In this point we rest on the arguments given by Wirl (1995, p. 345).
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arrive at the same system of differential Eqs. (8) and (9) and, consequently, the
same solution as for the Markov-perfect Nash equilibrium. h

The intuition behind this result is straightforward. As the reaction function of
the coalition is independent of the producer price, the cartel cannot achieve any
profit from its strategic advantage. This explains also why the feedback Stackel-
berg equilibrium computed by Tahvonen (1996) has the same properties as the
Markov-perfect Nash equilibrium (MPNE) studied by Wirl (1994) and Wirl and
Dockner (1995).

Now we turn to a Stackelberg game in which the governments of the importing
countries act as leader because they are able to make a credible, binding
commitment to a carbon tax path. In other words, the coalition of importing
country governments have a strategic advantage. This feedback Stackelberg
equilibrium (FSE) could become more realistic than the Nash assumption, should
international cooperation among the importing country governments increase.

Following the same procedure that we used to compute the MPNE, we can
derive the dynamics of the producer price, the emission tax and the consumer

11price:

acd 1 1S S S S]]] ] ]p 5 2 (2(c 2 a ) 1 a )z exph 2 (c 2 x )tj, (20)2 1 `cd 1 2´ 3 3

2a´ 1 1S S S S]]] ] ]c 5 1 (c 1 2a 2 a )z exph 2 (c 2 x )tj, (21)1 2 `cd 1 2´ 3 3

1 1S S S] ]p 5 a 2 (a 1 y ) exph 2 (c 2 x )tj. (22)3 3

These trajectories reveal that the Stackelberg equilibrium approaches the same
long-run equilibrium as in the MPNE. However, the way of solving the game
affects the transitional dynamics (see Section 5 below).

The long-run equilibrium may look rather different if damages are reversible.
As Wirl (1995) established, if the emissions are reversible, global warming is only
a transient problem so that the long-run equilibrium depends not on environmental
damages but on resource scarcity. Indeed, the long-run equilibrium value for the
carbon tax is zero; the tax must consequently decrease — at least, when the
resource nears economic or physical exhaustion. With irreversible emissions, we
are overestimating the environmental damages from energy consumption and,
consequently, the corresponding carbon tax. However, a slightly reduced en-
vironmental damage parameter ´ could compensate for neglected depreciation
over the politically relevant temporal horizon. In this way, our model with only
one state variable can approximate the global warming problem.

11Appendix A derives the linear feedback Stackelberg equilibrium strategies.
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5. Comparing the two equilibria

This section compares the Nash equilibrium (MPNE) and the Stackelberg
equilibrium in which importing countries act as leader (FSE). First, we compare
the initial values of the optimal strategies:

Proposition 3. The initial consumer price and tax are lower and the initial
producer price is higher in the MPNE than in the FSE.

Proof. See Appendix B. h

This result establishes that the strategic advantage of the importing country
governments translates into a higher initial value for the emission tax, which
reduces the demand for the resource. The reduction in initial demand explains why
the initial producer price is lower in the FSE. Thus, a higher emission tax has two
effects on the consumer price: one direct and positive and another indirect and
negative through the producer price. The net effect is positive because the
reduction in demand does not completely translate into a lower producer price,
given that the demand function is linear and the marginal costs are constant.
Hence, the initial consumer price is lower in the MPNE.

We now turn to the transitional dynamics:

Proposition 4. The consumer price in the MPNE is first below, but later above,
the FSE consumer price. Moreover, if the environmental damages are high
enough, the emission tax in the MPNE is first below, but later above, the FSE
emission tax. The producer price in the MPNE is first higher, but, if environmental
damages are high enough, later lower, the FSE producer price.

Proof. See Appendix C. h

This result is a logical consequence of the fact that both equilibria converge to
the same steady state. Accordingly, the total amount mined is the same —
irrespective of the equilibrium concept used — and the area under the temporal
path of the extraction rate must therefore be the same as well. The temporal paths
must thus intersect. The monotonic behavior of the variables explains why the
paths intersect only once. The comparison between the temporal paths of the
consumer price is obtained using the demand function.

If the environmental damage is severe enough, the emission tax is increasing
and the producer price is decreasing. In that case, as the level and dynamics of
consumer price depend basically on the level and dynamics of the emission tax
(since the part of the producer price in the consumer price is decreasing), the
temporal paths of the emission taxes must intersect in order for the temporal paths
of the consumer price to intersect. Then as the initial value for the tax in the FSE
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is higher than in the MPNE, the emission tax in the MPNE must be first below, but
later above, the FSE emission tax. The same kind of argument applies for the
comparison of the transitional dynamics of the producer price. If the environmen-
tal damage is low enough, the FSE tax can always be higher than the MPNE tax
and the FSE producer price always lower than the MPNE producer price.

Next, we focus on the players’ pay-offs. We find that, although the tax is
advantageous for the importing countries, the efficiency of the market decreases:

Proposition 5. When the importing country governments have a strategic
advantage, consumers’ welfare increases while the producers’ profits and
aggregate welfare (measured as the consumers’ net surplus plus producers’
profits) decrease, compared with the Markov-perfect Nash equilibrium.

Proof. See Appendix D. h

The reduction in the aggregate welfare is explained by the initial increment in
the consumer price. A higher consumer price implies a lower rate of extraction
which reduces the two components of aggregate welfare, the consumers’ net
surplus and producers’ profits, as long as both variables are positively related with
the rate of extraction. However, as the increment of the consumer price goes with
a reduction of the producer price, a transfer from the cartel’s profits to consumers
occurs which is of benefit to consumers and explains why the consumers’ net
surplus increases although the aggregate welfare decreases. Recall that for
determining the consumers’ welfare, the producer price is the relevant variable,
since the government completely reimburses the tax collected from the consumers.
The reduction of the producer price has an additional negative effect on the
cartel’s profits.

The sign of these variations changes when the consumer price for the FSE is
later below the consumer price for the MPNE and the producer price is above: the
producers’ profits and aggregate welfare increase and the consumers’ welfare
decreases. Yet, because the discount effect gives a greater weight to the welfare
closer to the present, the result is that the aggregate welfare losses associated with
an initially higher consumer price are not compensated by the aggregate welfare
gains associated with a future lower consumer price, and the discounted present
value of the aggregate welfare decreases, compared with the MPNE. The same
kind of argument applies for the producers’ profits and consumers’ welfare.

6. Conclusions

We have examined the strategic pigouvian taxation of CO emissions in the2

framework of a global warming differential game between a resource-exporting
cartel and a coalition of resource-importing country governments. We have shown
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that if the coalition has no strategic advantage, the pigouvian tax corrects only the
market inefficiency caused by the stock externality; the strategic taxation of
emissions does not affect the monopolistic power of the cartel. If the coalition acts
as the leader of the game, the consumers obtain a higher level of welfare, but
market efficiency decreases compared to the Markov-perfect Nash equilibrium.

The scope of our results is limited by the specification of the game and the
12irreversibility assumption for the emissions. However, the main results of our

paper depend basically on the effect of the importing country governments’
strategic advantage on the initial values of the consumer and producer prices (see
Proposition 3).The reversibility assumption would not modify this effect. Hence,
the reversibility assumption is not crucial for the explanation of the distributive
effects of strategic Pigouvian taxation.

Nevertheless, in the framework of the model developed in this paper some
additional extensions could be considered. Environmental damage along with
domestic energy consumption in the exporting countries could be introduced.
Another extension could be to increase the number of the importing countries in
order to analyze the issue of cooperation among the importing countries.
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Appendix A. Derivation of linear feedback Stackelberg equilibrium
strategies

Substituting the reaction function of the follower into the Bellman equation of
the leader and maximizing, we obtain the optimal policy or strategy for the tax,
and using again the reaction function of the resource cartel, the optimal policy for
the producer price:

1S S S S] 9 9c 5 (a 2 cz 2 2W 1 W ), (A.1)1 23

1S S S S] 9 9p 5 (a 1 2cz 1 W 2 2W ). (A.2)1 23

By substitution of the optimal tax into the Bellman equation of the importing
country governments and of the tax and producer price into the Bellman equation
of the resource cartel, we eliminate the maximization and obtain, after some
manipulations, the following pair of nonlinear differential equations:

1S S S S 2 N 2] 9 9dW 5 (a 2 cz 1 W 1 W ) 2 ´(z ) , (A.3)1 1 26

1S S S S 2] 9 9dW 5 (a 2 cz 1 W 1 W ) . (A.4)2 1 29
S S9 9Note that again both value functions depend on W 1 W , as does the consumer1 2

price:

1S S S S] 9 9p 5 [2a 1 cz 2 (W 1 W )], (A.5)1 23

Now, proceeding in the same way as in Section 3, we obtain the coefficients of the
S S Svalue functions W and W . The results appear in Table 2, where c 2 x and1 2

Sa 1 y are given by the following expressions:

Table 2

1 1 2S S 2 N S 2] ] ]a 5 F (c 2 x ) 2 2´G a 5 (c 2 x )1 2d 3 9d
S S3a(c 2 x ) 2a(c 2 x )

S S]]]] ]]]]b 5 2 b 5 21 2S S9d 1 5(c 2 x ) 9d 1 5(c 2 x )
1 1S S 2 S S 2] ]m 5 (a 1 y ) m 5 (a 1 y )1 26d 9d
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2 1 / 21 9 9 9dS H F S DG J] ] ] ]c 2 x 5 2 d 1 4cd 1 1 8´ . 0, (A.6)2 5 5 5

9adS ]]]]a 1 y 5 . 0. (A.7)S9d 1 5(c 2 x )

The solution to the differential equation system (A.3) and (A.4) allows us to
derive the linear feedback Stackelberg equilibrium strategies for the consumer
price, the tax and the producer price, and to obtain an explicit solution for the
differential equation (2) given by:

1S S S]S H JDz 5 z 1 2 exp 2 (c 2 x )t , (A.8)` 3
S S Nwhere z is the cumulative emission long-run equilibrium: z 5 z .` ` `

Appendix B

SProof of Proposition 3. For t 5 0, we know from (19) and (22) that p (0) 2
N N S N S

p (0) 5 1/2 (a 1 y ) 2 1/3 (a 1 y ). Let us suppose that (a 1 y ) /2 # (a 1 y ) /
N S N S3. This inequality implies that: 3(a 1 y ) # 2(a 1 y ),where a 1 y and a 1 y are

given by (15) and (A.7), respectively. Then, multiplying the numerators by the
denominators and rearranging terms we obtain:

S N6d 1 10(c 2 x ) # 9(c 2 x ), (B.1)

N Swhere c 2 x and c 2 x are defined by (14) and (A.6). Now, let us suppose that
S Nc 2 x # c 2 x , which implies that

2 1 / 2 2 1 / 29 9d 7 16 dF S DG F S DG] ] ] ] ]4cd 1 1 8´ # d 1 cd 1 1 2´ .5 5 15 3 3
2Squaring, reordering terms and squaring again we have the contradiction: (cd ) 1

2 N S4c´d 1 4´ # 0, which allows us to establish that c 2 x , c 2 x , so that (B.1)
N Sdefines another contradiction and consequently (a 1 y ) /2 . (a 1 y ) /3.

Now, we focus on the comparison between the initial values of the tax. For
N S N S St 5 0, we know from (18) and (21) that c (0) 2 c (0) 5 [a 2 (c 1 2a 2 a ) /1 1 2

N S S N S S S N S3]z , where a 2 (c 1 2a 2 a ) /3 5 a 2 (c 2 a 2 a 1 3a ) /3 5 a 2 a 2` 1 1 2 1 1 2 1 1 1
S S(c 2 x ) /3 and as c 2 x is positive, the sign of the difference between the initial

Nvalues of the tax depends on the sign of the difference between the parameters a 1
Sand a (see Tables 1 and 2). This difference is given by:1

1 1N S N 2 S 2] ]a 2 a 5 (c 2 x ) 2 (c 2 x ) ,1 1 4d 3d
N S N Swhich is negative since c 2 x , c 2 x . Then we have that c (0) , c (0). For
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N Sthe comparison of the initial producer price, we find that p (0) 2 p (0) 5 [(2(c 2
S S N N

a ) 1 a ) /3 2 (c 1 a 2 a ) /2]z , using (17) and (20)) for t 5 0, where (2(c 22 1 1 2 `
S S N N S N S N

a ) 1 a ) /3 2 (c 1 a 2 a ) /2 5 a 2 a 1 2(c 2 x ) /3 2 (c 2 x ) /2 is posi-2 1 1 2 1 1
N S N Stive, since c 2 x is less than c 2 x and a is less than a . Thus, we obtain that1 1

S Np (0) , p (0).

Appendix C

Proof of Proposition 4. For the comparison of the consumer price temporal paths,
we use (19) and (22). The difference between the two temporal paths is given by:

1 1S N N N] ]H Jp 2 p 5 (a 1 y ) exp 2 (c 2 x )t2 2
1 1S S] ]H J2 (a 1 y ) exp 2 (c 2 x )t .3 3

S N NFor t 5 0 we know that the difference p (0) 2 p (0) is positive, since (a 1 y ) /
S2 . (a 1 y ) /3. For t ± 0 we can find the number of intersection points from the

S Nequation p 2 p 5 0, which can be written as:

S2(a 1 y ) 1 1S N]]] ] ]H J5 exp (c 2 x )t 2 (c 2 x )t , (C.1)N 3 23(a 1 y )

where the l.h.s. is a positive constant less than one and the r.h.s. is a decreasing
and convex function which takes the value the unity for t 5 0, and tends to zero
when t tends to infinity. Hence, the temporal paths cut each other once in the
interval [0, `), and, consequently, for 0 # t , t9, where t9 is the solution to (Eq.
C.1), the FSE consumer price is higher than the MPNE consumer price, whereas
for t9 , t the relationship is the contrary. The comparison between the emission
taxes and producer prices follows the same procedure than the one used for the

13consumer price. For this reason we omit it in this appendix.

Appendix D

Proof of Proposition 5. For the consumers’ welfare, the effect of the importing
country governments’ strategic advantage is given by the difference between

N S N SW (0) and W (0), which depends on the relationship between a 1 y and a 1 y .1 1
S NTo establish the sign of this relationship, let us suppose that a 1 y # a 1 y .

NAccording to (15) and (A.7), this implies that: 9(4d 1 3(c 2 x )) # 4(9d 1 5(c 2

13A complete comparison for these two variables is available on request.
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S N Sx )). Substituting c 2 x and c 2 x by (14) and (A.6), squaring after substitution
and simplifying, we get a contradiction: cd 1 2´ # 0, and we must admit that

N S N Sa 1 y , a 1 y , and hence that W (0) , W (0). For the cartel of exporting1 2
Ncountries, the pay-off difference is given by the difference between W (0) and2

S S NW (0). As (a 1 y ) /3 , (a 1 y ) /2, raising to square and multiplying by 1/d we2
S Nhave that W (0) , W (0).2 2

To complete the analysis, we compute the variation in the aggregate pay-offs,
which is given by the difference between

3N N N N 2]V (0) 5 W (0) 1 W (0) 5 (a 1 y ) ,1 2 8d

and

5S S S S 2]V (0) 5 W (0) 1 W (0) 5 (a 1 y ) .1 2 18d

N S N 2 S 2Let us suppose that V (0) #V (0); then 27(a 1 y ) # 20(a 1 y ) . Substituting
N S S 2(15) and (A.7) for a 1 y and a 1 y we obtain: 4(9d 1 5(c 2 x )) # 15(4d 1

N 2 N3(c 2 x )) .Developing the squares, substituting (14) and (A.6) for c 2 x and
Sc 2 x , squaring after substitution and simplifying terms, we obtain the following

contradiction:

2 1 / 29 9d2 F S DG] ]0 $ 2d 1 1.8d 1 4´ 1 d 4cd 1 1 8´ .5 5

So that the aggregate pay-offs decrease when the coalition of importing country
governments enjoys a strategic advantage.
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