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Abstract: Chinese sulfur dioxide emissions cause acid rain in China and in Japan. The China-Japan acid rain problem
is an interesting case of unidirectional transboundary pollution which has received little attention in the economics
literature. We construct a simple model to highlight the key incentives underlying environmental policy making in
each country. We examine simultaneous and sequential noncooperative games to illustrate the shortcomings of
decentralized policy making. Sequentiality seems to be important, since one may interpret China’s disposition against
limiting its sulfur dioxide emissions as a sign of policy leadership vis-a-vis Japan. Motivated by the inefficiency of
decentralized behavior, we design international schemes under which an international agency (IA) is in charge of
implementing income transfers from Japan to China. Participation in each scheme is voluntary. We show that the
proposed international schemes are Pareto efficient and implementable. We also show that policy leadership play no
role in the allocation of resources when the IA is a common follower.
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1. Introduction
In both China and Japan, acid rain is a serious and growing problem. Acid rain occurs when acidic pollutants, sulfur
dioxide (SO,) and nitrogen oxide (NO,), precipitate in the form of rain, snow, hail or fog and the pH level of the
precipitation is below 5.6 — the average acidity of “pure” rain. Acid rain affects human life in a variety of ways.
Acidification of ground water and soil hampers the growth of forests and agricultural crops and it is life threatening to
several animal species. At a pH level of 6.0 or below, freshwater shrimp cannot survive. At a pH level of 5.5,
bottom-dwelling bacterial decomposers begin to die, causing non-decomposed leaf litter and other organic debris to lay
on the bottom and depriving plankton of food supply. At a pH level of 4.5 or below, all fish and most frogs and insects
die. Acid rain also damages buildings and historical monuments, leads to the release of harmful chemicals, such as
aluminum, from rocks and soils into drinking water sources, and corrodes lead and copper piping.

Acid rain in China is mostly caused by emissions of sulfur dioxide by power plants. According to Sinton
(1996), coal combustion is responsible for 94% of all sulfur dioxide emissions, power plants are the largest
contributors and less than a half a dozen of China’s hundreds of power plants utilizes desulfurization technology.
Because stack heights are usually very high, however, power plants’ emissions contribute more to regional than to
local acid rain (Sinton et al. (2000)). Furthermore, sulfur dioxide emissions are rising due to the continued growth in
energy consumption. Figure 1 illustrates the upward trend in annual sulfur emissions from 1985 to 1995. While the
annual figure for 1985 was below 15 million tons, the annual figure for 1995 was near 20 million tons — a growth rate
of 33% in ten years! However, the downward trend in emissions of particulates from industrial processes,

Figure 1. Sulfur Dioxide and Particulate Emissions in China*
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which are large contributors to urban air pollution, is notable. This pattern is largely due to effective governmental
regulations on particulates’ emissions (Sinton (1996), Sinton et al. (2000)). Domestic damages caused by sulfur
dioxide emissions in China are substantial and comparable to damages suffered by severely acidified regions in North
America and Europe. For example, estimates show that air pollution causes near 4,000 deaths per year in Chongqing
and Beijing (Dasgupta et al. (1997)). Most of the damages are concentrated in four provinces, Guangdong, Guangxi,
Guizhou, and Sichuan. The total annual damages in these provinces in the latter half of the 1980s were estimated to be
USS 2 billion (Sinton (1996)).

Japan is also seriously afflicted by acid rain. As Figure 2 clearly demonstrates, the Western Japanese regions
are relatively more affected by acid rain than the Eastern regions. The reported pH level of rain in 1992 was 4.6 or
below in Niigata, Niitsu, Sado, Tsushima, Kurashiki, Kurahashi Jima, Osaka, Kyoto, Inuyama and Tsukuba.

Figure 2: Rain pH level in Japan (The Second Survey for Acid Rain Measures)
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However, Figure 2 also makes it clear that acid rain is ubiquitous in Japan. Only in Ube the pH level of rains was

consistently above 5.6 in the four-year period 1989-1992. As in China, the damages caused by acid rain are believed



to be comparable to damages caused to severely acidified regions in North America and Europe, amounting to billions
of dollars. In Tokushima, for example, rains with a pH level no greater than 4.4 led to the destruction of trees and
corrosion of several bridges and statues.

Climate scientists agree that emissions of sulfur dioxide in Northeastern China contribute to sulfur
depositions in Western Japan. Ichikawa and Fujita (1995), for example, estimate that China’s contributions to wet
sulfate deposition in Japan represent 50% of the total. The transboundary pollution problem will likely become more
serious in the near future because energy consumption levels in Beijing, Tianjin and Shanghai, major industrial cities
in Northeastern China, have been growing very rapidly and Chinese energy supplies come mostly from coal-burning
power plants. Japanese damages originating with Chinese-produced acid rain may in fact reach catastrophic levels by
2020. The Regional Air Pollution Information System for Asia (RAINS-ASIA) model predicts that, under
business-as-usual conditions, Chinese energy consumption in the Northeastern region will reach in the year 2020 a
level that is three times higher than its 1990 level (Streets (1997)).

Both China and Japan appear to have been following air pollution control strategies that best fit their current
concerns about domestic and international environmental degradation. To date, the measures adopted by the Chinese
government to control air pollution have been geared towards reducing domestic damages caused by sulfur dioxide and
particulate emissions, with special emphasis placed on reducing air pollution damages in large urban areas. With the
exception of a few desulfurization projects at power plants (see some examples in Table 1), sulfur dioxide emissions
have not been controlled at all (Sinton et al. (2000)). China has also been reluctant to enter in any international
agreement that limits its emissions of acidic pollutants (Sinton (1996)). Japan, on the other hand, has aggressively
controlled its own emissions of acidic pollutants over the last 30 years. Laws and regulations to control air pollution
were first enacted in the 1960s. Taxes on sulfur emissions were introduced in 1973, national standards regulating
quantities of sulfur dioxide emissions were put in practice in 1974 and by 1975 investment in pollution abatement
technology accounted for 18% of total investment in Japan (Committee on Japan’s Experience in the Battle against Air
Pollution (1996)). In addition, perhaps due to its unfavorable downwind geographic position, Japan has also been one
of the world leaders in international development of desulfurization technology. Table 1 gives us a measure of Japan’s
participation in the development of desulfurization technology in China.

Table 1. Japanese Desulfurization Technology in China



Location Facility Demonstrated Technology Status

Luohuang Power Plant  wet lime injection

Chongqing, Sichuan In operation since 1991

(2 x360 MW) (Mitsubishi)
Qingdao, Shandong Huangdao Power Plant Semi-dry lime injection In operation
Taiyuan, Shanxi Taiyi Power Plant simplified wet lime injection  In operation
Chengdu, Sichuan power plant electrostatic removal under construction
Weifang, Shandong  industrial boiler Unknown In operation
Chongqing, Sichuan industrial boiler Unknown In operation
Nanning, Guangxi industrial boiler Unknown In operation

Source: See Sinton (1996).

The pattern we have observed to date regarding Chinese and Japanese acid rain control strategies may have
been the result of a strategic game played by both countries. It is not clear, however, whether China or Japan has played
the role of policy leader in this game. China’s well known disposition against controlling sulfur dioxide emissions may,
in fact, represent a policy leadership position vis-a-vis other Asian countries, in particular Japan. On the other hand,
some observers may interpret Japan’s long-standing contributions to air pollution abatement production in China as a
signal of policy commitment and hence policy leadership in the setting of environmental policy. To clearly understand
the current state of affairs, it is, therefore, imperative that we study strategic policy games under which one country is
the policy leader. The equilibrium strategies of leader-follower policy games will surely shed some light on the current
behaviors displayed by China and Japan. These games will also enable us to predict how these countries will behave
in international schemes designed to “solve” domestic and international acid rain problems.

To our knowledge, our game theoretic analysis of the China-Japan acid rain problem is a primer. We examine
environmental policy making in China and Japan under two policy settings, fully decentralized and partially
decentralized. In the fully decentralized policy setting, each country decides on its own the environmental policy
agenda that it will follow. There is no policy coordination or interference from any type of supranational organization.
In the partially decentralized setting, however, we include an international agency (IA) whose sole objective is to
implement redistributive income transfers from Japan to China. We envision an agency mirrored after the Global
Environment Facility (GEF) and consisting of a mix of Chinese and Japanese officials. To facilitate comparisons, we
assume that the policy instruments controlled by each country are the same as in the fully decentralized setting.
Although they retain control over the same policy instruments, China and Japan behave differently in this new policy

setting. Their choices of environmental policy agendas are affected by the way the IA responds to their actions.



In the fully decentralized setting, we examine three games, a Cournot-Nash (simultaneous) policy game and
two Stackelberg (leader-follower) policy games. China’s strategies are the domestic quantities produced of sulfur
emissions and pollution abatement. Japan’s strategies are the quantity of pollution abatement imported from China as
well as the domestic quantities produced of sulfur dioxide emissions and pollution abatement. We show that in the
Cournot-Nash equilibrium both countries determine their environmental policy agendas in order to optimally address
their domestic needs. Japan decides to import pollution abatement from China rather than producing it at home because
China’s product is much cheaper and Japan’s localized benefit (i.e., reduced damage) associated with pollution
abatement in China is substantial. When Japan is the policy leader, it decides against importation of pollution
abatement from China. Japan does this in order to induce China to increase its pollution abatement expenditure (and
hence domestic provision). Japan anticipates that China will cutback its domestic provision of pollution abatement at
a one-to-one rate with the Japanese-financed pollution abatement production in China. China’s pollution abatement
provision is, however, independent of Japan’s domestic pollution abatement provision due to the unidirectional
character of the transboundary pollution. Hence, Japan opts for providing pollution abatement at home rather than
importing it from China. Finally, when China is the policy leader, it commits to an environmental policy agenda of no
intervention. It neither reduces sulfur dioxide emissions nor expends resources in the production of pollution
abatement. China anticipates that such a commitment will induce Japan to finance pollution abatement enterprises in
China and that the level of Japanese-financed pollution abatement production in China will suffice to address the
Chinese acid rain problems! Given China’s commitment, Japan’s best course of action is indeed, as in the simultaneous
Cournot-Nash game, to import pollution abatement from China rather than producing it at home. However, the quantity
of pollution abatement imported by Japan in this sequential-policy scenario is larger than in the simultaneous-policy
scenario.

In keeping with the fully decentralized setting, we consider three international schemes in the partially
decentralized policy setting. These three international schemes share one characteristic in common, namely, the [A
implements its policy after it observes both the Chinese and Japanese environmental policy agendas. In game theoretic
terminology, the IA is a common follower. In the first international scheme, both countries choose their environmental
policies simultaneously in anticipation of the IA’s policy responses. This is a two-stage game whereby the countries

play a Cournot-Nash game in the first stage and the IA determines its policy in the second stage. The remaining two



international schemes are represented by three-stage games. Japan is the policy leader in one game and China is the
policy leader in the other. We find that each game has a Pareto efficient subgame perfect equilibrium and that the
allocation of resources implied by each equilibrium corresponds to each other. Because the equilibria allocations are
isomorphic, there is no “first-mover advantage” in policy setting! This result stands in deep contrast with our results for
the fully decentralized policy setting, since in that setting the equilibrium allocation of resources is sensitive to the
identity of the policy-leader country. In the fully decentralized policy setting, there is a clear first-mover advantage.

The two desirable implications of the equilibria allocations in the partially decentralized policy setting —
namely, efficiency and inexistence of first-mover advantage — make our proposed international schemes especially
attractive to policy makers interested in crafting a mutually advantageous and efficient international agreement
between China and Japan. Our analysis, however, demonstrates that such an effective and efficient international
agreement is possible only if there is an international agency responsible for making mutually satisfactory
redistributive income transfers from Japan to China —i.e., transfers that induce China to undergo adjustments necessary
for efficiently controlling its sulfur dioxide emissions and are acceptable from Japan’s perspective.

This paper is organized as follows. Section 2 describes the basic theoretical model. Section 3 examines the
three games under fully decentralized policy making. Section 4 derives Pareto efficient allocations and demonstrates
that the fully decentralized allocations examined in section 3 are inefficient. The inefficiency of the fully decentralized
allocations motivates our design of individually rational and efficient international schemes in section 5. Section 6

concludes.



2. The Basic Model

Imagine an economy consisting of two nations, indexed by j, j = 1,2, and two politically autonomous national
governments. There are two private goods, x and y . Good x is a numéraire and good y is >electricity=. We assume
that each nation possesses a single power plant. Production of electricity generates sulfur dioxide, which is emitted in
the atmosphere. For simplicity, the relationship between electricity generation and emission of sulfur dioxide is taken

to be one to one, that is, if the power plant in nation j produces Y, units of electricity, it also produces Y, units of sulfur

J
dioxide. Power plants, however, can use a clean up technology to abate their emissions of sulfur dioxide. If the power

plant in nation j produces Y, units of electricity and reduces its emission of sulfur dioxide by Z units, the level of
sulfur dioxide which is emitted in the atmosphere — denoted £, —is simply Y, —Z,. Power plants can produce

electricity and pollution abatement up to capacity levels Y, and Z, respectively. We shall assume that these capacity
levels are sufficiently high so that they are never reached in the equilibria studied in this paper. This assumption allows
us to omit the capacity constraints in the analysis that follows, since they are never binding.
Emission of sulfur dioxide in each nation is subsequently transformed into acid rain. The level of acid rain that
precipitates in nation j shall be denoted D, . The national acid rain levels are defined as follows:
D, =hE, =h(Y,-2Z,), (la)
D,=(1-hE +E, =(1-h)\Y,-Z)+Y,-Z,. (1b)
Identity (1a) tells us that of the level of sulfur dioxide emitted in nation 1 a fraction 4 becomes acid rain in this nation
while a fraction (1 - h) becomes acid rain in nation 2. Identity (1b) shows that no fraction of the level of sulfur dioxide

emitted in region 2 is transported to region 1. Hence, in what follows, nation 1 will be called “China” and nation 2 will
be called “Japan.”

The fixed populations of China and Japan are, respectively, n, and #,. Within each nation, we assume that

the residents are identical. An individual who resides in nation j derives the following utility from consumption

of x, units of the numéraire good, y, units of electricity and D, units of acid rain:
Ulx,. .0, )=ulx, + fly,)-v(D)) @)

where we assume that u and f are strictly increasing and concave and v is increasing and strictly convex. For



tractability reasons, we model the utility functions as (strict) concave transformations of quasilinear functions.
Linearity in the numéraire good and separability in the three goods enable us to sign all partial derivatives in the
comparative statics analyses below. These partial derivatives are response functions, which will illustrate how the
economic agents react to changes in environmental policy variables.

The numéraire good is used for consumption and as an input in the production of electricity and pollution

abatement in each nation. The power plant in nation j can produce Y, units of electricity and Z, units of pollution
abatement at a total cost of

K;i+p, Yj+S/Z,
where K, >0 is a fixed cost, p, >0 is the cost per unit of electricity produced and s, > 0 is the cost per unit of

pollution abatement produced. Henceforth, we assume that the nations do not trade quantities of electricity or the
numéraire good with each other and that, in equilibrium, nation j=s electricity supply is always equal to this nation=s

demand for electricity; namely, Y, =,y . National government j sells electricity to its residents at marginal cost, p,.

Both fixed and domestic abatement production costs are financed with national head taxes.
As we discussed in the introduction, Japan finances production of pollution abatement in China. To account
for this fact, we postulate that Japan finances a portion of the Chinese total pollution abatement expenditure. Let

a,, represent the amount of pollution abatement produced in China with Japanese financial support. That is, this

quantity represents the amount of pollution abatement that Japan imports from China. The total pollution abatement

expenditure incurred by Japan in this international joint venture is thus s,a,,. Let a, denote the quantity of pollution

abatement produced by nation j=s power plant which is financed by its own government. Hence, national government

j=s domestic pollution abatement expenditure is s,a, For future reference, it is important to note that Z, = a,, +a,,
and Z, =a,,.

Let 7, >0 denote nation j's income, which we assume is fixed. Since we also assume that all residents of
nation j are identical, nation j's representative resident is endowed with /, / n; units of income. The budget constraint

for the representative Chinese resident is



Kl +Sl(all +a2|) _II +S1a21
X, +pn+ - .

! n

1

The resident’s total expenditure is given in the left side and his total income, including the per-capita transfer received
from Japan for the importation of pollution abatement, is given in the right side. For convenience, we shall use the
budget constraint to express the quantity of the numéraire good consumed as a function of the environmental policy

variables:

—S8.a
xl(yl’an):$_p1yl' (33)

Similarly, we use the budget constraint for the representative Japanese resident to write

I, -K,-s,a,—sa
xz(yz’azwazz): : : }12 = — — Py, (3b)
2

The meaning for the right side of equation (3b) is similar to the meaning for the right side of equation (3a), except that
the per-capita cost of importing pollution abatement from China is also subtracted from per-capita income.

3. Decentralized Simultaneous and Sequential Acid Rain Games

In this section, we examine two different types of Aacid rain games,@ simultaneous and sequential games. In analyses
of transboundary pollution, it is customary to examine the (simultaneous and noncooperative) Cournot-Nash game
played by the politically autonomous governments. The Cournot-Nash equilibrium illustrates the typical pitfalls
involved with self-interested behavior in the presence of externalities. It also enables us to capture the effects of
governmental policy commitments when we compare it with equilibria for sequential games, in which one national
government makes a commitment to follow a given environmental policy prior to the other national government=s
choice of environmental policy.

As we mentioned in the introduction, sequentiality seems to very important in the China-Japan acid rain
problem. Some observers may interpret China’s reluctance in controlling its sulfur dioxide emissions as a policy
commitment. Others may argue that the Japanese-financed pollution abatement projects in China is a clear indication
of policy leadership. To better understand the current state of affairs, we will study two two-stage games whereby one
country is the Stackelberg policy leader and the other is the Stackelberg policy follower. In the first sequential game,

Japan is the Stackelberg leader. This will characterize Japan=s commitment to an environmental policy agenda, since



by the time China chooses its own environmental policy it will do so knowing Japan=s choices of environmental policy
variables. In the second sequential game, China is the Stackelberg leader. Subgame perfection is our choice of
equilibrium concept for the sequential games.

3.1. The Simultaneous Cournot-Nash Game

The Chinese government chooses nonnegative quantities {xl 52 ,all} to maximize
u(x1 + f(yl )— v(h(n,y1 —a, —a, ))) (4a)
subject to (3a), taking {xz, yz,aﬂ,azz} as given. Similarly, the Japanese government chooses nonnegative quantities
{xz Yy, 0y, 0y, } to maximize
u()cZ +f( 2)—v((l—h)(n1y] —-a, —a21)+ n,y, —azz)) (4b)
subject to (3b), taking {x, , yl,a”} as given.
Substituting (3a) and (3b) into objective functions (4a) and (4b), respectively, we obtain:
ule,(va, )+ £ ()= vlhlny, - a, —a,)., (52)
u(xZ (yz,a21 ,a,, )+ f(y2 )— v((l - h)(n]y1 —a, —a, )+ n,y, —a, )) . (5b)
Hence, the Chinese government's problem becomes the choice of nonnegative quantities {yl,a”} to maximize (5a),
taking {yz,a21 ,azz} as given. Given {yl,a11 } , the Japanese government's problem is now the choice of nonnegative
quantities {yz,azl,azz} to maximize (5b).

It seems reasonable to assume that in the Cournot-Nash equilibrium both countries produce and consume
positive quantities of electricity. If, in addition, we assume that both countries spend resources on pollution abatement,
we may describe the Cournot-Nash equilibrium as in Proposition 1.

Proposition 1: If y, >0,y, >0,a,, >0,a,, +a,, >0 in the Cournot-Nash equilibrium, the equilibrium allocation is

characterized by conditions (3a), (3b) and the following:

f'(y])z D, + nlhv'(D] ), (6a)
f,( 2)2p2+nzv'(D2)ﬂ (6b)
n'(D,)=s,, (6¢)
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n,(1-hp'(D,)-s, =0 if a,>0, (6d)
nv'(D,)-s,=0 if a,>0. (6¢)
Proof. Optimizing (5a) with respect to y, and assuming that y, >0 immediately yields (6a). Similarly, optimizing
(5b) with respect to y, and assuming that y, >0 immediately yields (5b). Equation (6¢) follows from optimization
of (5a) with respect to a,, and the assumption that a, > 0. Since we assume that a,, +a,, >0, then either a,, >0
or a,, > 0. Conditions (6d) and (6¢) are thus the necessary first order conditions associated with maximization of (5b)
with respect to {az, ,a,, } O

Equation (6a) demonstrates that the Chinese government should regulate electricity consumption (and hence
production) so that the total electricity quantity consumed is set at the level at which the (per-capita) marginal national
benefit from electricity consumption — left side of (6a) — is just equal to the (per-capita) marginal national cost of
electricity provision — right side of (6a). The marginal national cost of electricity provision is the sum of the marginal
cost of production and the marginal national damage caused by the regional sulfur dioxide emission, the by-product of
electricity production. The Chinese government may regulate electricity production with either quantity (command
and control) or market-based policy instruments. It could, for example, levy an emission tax equal to the equilibrium
value of the marginal national pollution damage. In what follows, we will assume that both national governments are
endowed with policy instruments that enable them to regulate electricity provision. We will not, however, specify
which policy instruments should be used because the choice of policy instruments is not the focus of this paper.

Equation (6b) is similar to equation (6a) and thus requires little comment. It states that it is optimal for Japan
to consume electricity at the level at which its marginal benefit equals its marginal cost. The Japanese marginal
national cost — right side of (6b) — is the sum of its marginal production cost and its marginal pollution damage.
Equation (6¢) shows that the Chinese government produces abatement at the level that equates the Chinese marginal
acid rain damage to the Chinese marginal cost of abatement production. The Chinese marginal benefit from abatement
production equals the marginal acid rain damage saved due to the production of an extra unit of abatement in the
nation.

Equations (6d) and (6e) demonstrate to us how the Japanese government decides which levels of pollution

abatement it should import from China and produce at home. It is important to note that, in general, Japan will not

11



simultaneously import pollution abatement from China and produce pollution abatement at home. Japan will typically
choose the option that has the lowest effective marginal cost. Let us prove this claim. Assume, contrary to the claim,

that @, >0 and a,, >0 in the Cournot-Nash equilibrium. From (6d) and (6¢) we obtain:

Sl/(]_h): nzvl(Dz): Sy
Since the marginal unit of sulfur dioxide emission saved in China reduces the damage caused to Japan by 1—/ units,

Japan=s effective cost of the marginal unit of abatement imported from China is s, /(1— ) . Japan=s effective cost of
the marginal unit of abatement produced at home is s, . Hence, the equations above tell us that Japan will import

pollution abatement from China and produce pollution abatement from China if and only if the effective marginal costs
of the two options are equal. However, the effective marginal costs will generally differ. When these costs differ, Japan
chooses the option with the lowest effective marginal cost. In fact, close inspection of the Chinese and Japanese data
concerning abatement production costs and the transboundary component of the Japanese acid rain associated with
Chinese sulfur dioxide emissions reveals that not only the marginal cost of abatement production is lower in China —
Streets (1997) estimates that the marginal cost of abatement may be eight times larger in Japan — but also the fraction
of the Chinese sulfur dioxide emissions exported to Japan may be significant — according to Ichikawa and Fujita (1995),
50% of the total wet sulfate deposition in Japan originates from Chinese sulfur emission sources. It seems reasonable,
therefore, to postulate that

s,/(1-h)<s, . @)
Given (7), it is optimal for the Japanese government to import pollution abatement from China and produce no

pollution abatement at home; that is, a,, >0 and a,, = 0. To prove this, assume contrary to the claim that a,, > 0.

From (6e) and (7), we have

But, the inequality above violates condition (6d). Hence, a,, > 0 is inconsistent with a,, > 0.
In sum, adding assumption (7) to the set of assumptions employed in Proposition 1 leads us to the conclusion
that the Cournot-Nash equilibrium is characterized by conditions (3a), (3b), (62), (6b), (6¢), (6d) and

a, =0. ®)



3.2. Multistage Game 1: Decentralized Sequential Game with Japan as the Stackelberg Leader

In this two-stage game, the Japanese government is able to commit to its environmental policy agenda prior to the
Chinese government deciding its own environmental policy agenda. The Japanese government anticipates the Chinese
government’s policy choices and behaves accordingly. This implies that the Chinese government’s policy-response
functions influence the design of environmental policy in Japan. Formally, the two-stage game can described as

follows:'

Stage 1: Japan chooses nonnegative quantities {yz,am,azz} to maximize (5b) subject to y, = y, (yz,aﬂ,an)
and a, = alll(yzlazwazz) :

Stage 2: Given {yz,aZI ,azz}, China chooses nonnegative quantities {yl ,a”} to maximize (5a).

Consider the second stage of the game. Assuming an interior solution, the conditions that characterize the

optimal policy choices for the Chinese government are the same as in the Cournot-Nash game:
f'(y]' (v,.a,,a, )) =p + nlhv'(h(nly]' (v,,a,,a,)-a' (v, a,.a,)-a, )) (9a)
nlhv'(h(nlyf (v,.a,,a,)-a\ (v, a,,a,)-a, )) =s, (9b)
where, in writing the optimal conditions, we have already made use of the fact that these conditions implicitly define
the Chinese policy-response functions y, = yl'( ,,dy, ,azz) and q, = al'l(yz,aﬂ,azz). A straightforward exercise in

comparative statics yields:

1 1
X g (102)
v, ,
1
My, (10b)
oa,,
da,
=1, 10c
oa,, (10c)
1 1
D g (10d)
Oa Oa

! Superscripts in the policy-response functions refer to the number of the multistage game that is being played. Hence,
the policy-response functions in this game have the superscript “1”.
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Equations (10a) and (10b) tell us that the Chinese policy instruments are not functions of the amounts of electricity and
pollution abatement produced in Japan. These quantities do not affect China because China is located upwind from
Japan and the two countries do not trade electricity with each other. Equation (10b) shows that the quantity of
electricity provided in China does not vary with the amount of pollution abatement imported by Japan. This is an
immediate consequence of our modeling assumptions, namely: (i) quasilinearity and separability of the utility
functions; and (ii) linearity and separability of the production functions. Although these assumptions are certainly
limiting to the analysis, they enable us to highlight the key incentives underlying environmental policy making in both
China and Japan. These incentives will be fully captured by the decisions of both countries concerning pollution
abatement strategies. Equation (10c), for instance, shows that the Chinese government will cutback its provision of
pollution abatement in a one-to-one rate with the quantity of pollution abatement imported by Japan. Because the
Chinese government views these two quantities as perfect substitutes, its incentives are to free ride on the Japanese
contribution to pollution abatement in China!

Consider now the first stage of the game. Assuming that Japan finds it optimal to produce a positive amount
of electricity as well as to either import or produce a positive amount of pollution abatement, we claim that the
conditions that characterize Japan=s optimizing behavior are (6b), (6¢) and

a

. =0. (11)
Let us prove this claim. First, note that the first order condition with respect to y, must be the same as in the

Cournot-Nash equilibrium because the Chinese policy-response functions are not functions of y,. Thus, we obtain

equation (6b). Second, the first order (Kuhn-Tucker) condition with respect to a,, is as follows:

azl{—:—w(l—h)v'(q){u%}}=a2,{—:—‘}=0:> a, =0.
2 21 2

Plugging in equation (10c) into the first equation above yields the second equation and the inevitable conclusion that
Japan decides against importing pollution abatement from China. Now, to finish the proof, the first order condition
with respect to a,, gives us equation (6¢) because we assume that Japan finds it desirable to spend resources on
pollution abatement.

Proposition 2 summarizes the results of this subsection.
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Proposition 2: Assume that y, >0, y, >0, g, >0 and a,, +a,, >0 in the subgame perfect equilibrium for

Multistage Game 1, whereby Japan is the Stackelberg leader and China is the Stackelberg follower. Then, the
equilibrium allocation is characterized by conditions (3a), (3b), (6a), (6b), (6¢), (6¢) and (11).

The remarkable feature of Proposition 2 is that Japan decides against importing pollution abatement from
China even though it is cheaper to purchase pollution abatement from China than to produce it at home. That is, the fact
that inequality (7) holds is irrelevant for the results of this subsection. It is easy to explain why this is the case. Japan
knows that China will cutback its pollution abatement expenditure at a one-to-one rate with the quantity of pollution
abatement imported by Japan. Japan also knows that China=s decision of how much to spend in pollution abatement
does not depend on the Japanese pollution abatement production. Since Japan benefits from China=s pollution
abatement production and since Japan=s commitment of not importing pollution abatement from China forces China
to produce pollution abatement to meet its own domestic needs, Japan=s option of producing pollution abatement at
home strongly dominates Japan=s option of importing pollution abatement from China.

3.3. Multistage Game 2: Decentralized Sequential Game with China as the Stackelberg Leader

For the sake of comparison, we will now examine the sequential game whereby the Chinese government is able to
commit to an environmental policy agenda prior to the Japanese government selecting its own environmental policy

agenda. The timing for this two-stage game is as follows:
Stage 1: China chooses nonnegative quantities {yl,a“} to maximize (5a) subjectto y, = y; (yl,all ) ,
a, =aX(y,a,) and a, =a’(y,.a,).
Stage 2: Given {yl,a” }, Japan chooses nonnegative quantities {yz Ly, dy }to maximize (5b).
Consider the second stage of the game. Since Japan takes {y, ,a,, } as given, it behaves as in the Cournot-Nash

game. It is thus optimal for Japan to import pollution abatement from China rather than producing it at home. Hence,
we obtain equation (8). Further, assuming that the two relevant policy variables take positive values in equilibrium, the

additional conditions that characterize Japan=s optimizing behavior are
f’(yzz (y]’all ))= pl + nzv'((l _hxnlyl _alzl (yl’all )_ all )_i_‘yZ2 (yl’all ))’ (lza)

nz(l —h)V'((l _h)(nlyl - azzl (y]’all )_all )+ yzz(yl’all ))_Sl =0. (12b)
The optimal conditions (12a) and (12b) are identical to conditions (6b) and (6d), respectively, except that they have
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been written with the police-response functions, y. (y1 , a“) and a, (yl ,a,, ) , already inserted into them. These

functions are implicitly defined by equations (12a) and (12b). Differentiation of equations (12a) and (12b) yields:

%:%: (13a)
a.y] a‘lll
2
Gy 50, (13b)
o,
2
G4y _ (13¢)
Oa,,

Equations (13a) inform us that Japan’s electricity regulation is not influenced by China’s environmental policy choices.
Equations (13b) and (13c¢), however, show that China’s environmental policy choices do influence the quantity of
pollution abatement imported by Japan. From equation (13b), we know that Japan will demand more pollution
abatement from China if electricity consumption expands in China. A marginal increase in per-capita electricity
consumption in China will motivate the Japanese government to expand the quantity of pollution abatement imported

by #n, units in order to offset the impact on Japan’s acid rain level caused by the growth in electricity usage in China.

Furthermore, equation (13¢) demonstrates that Japan views its quantity of pollution abatement imported from China
and China’s own provision of pollution abatement as perfect substitutes. A marginal increase in China’s provision of
pollution abatement leads to a marginal decrease in the quantity of pollution abatement imported by Japan of the same
magnitude.

We are now ready to examine the first stage of the game. China knows how Japan will react to its
environmental policy choices and takes this into account when it solves its maximization problem. Assuming an
interior solution for the level of electricity consumption, China=s optimal environmental policy choices are determined
by the following conditions:

2

{f,( 1)—p1—hV’(Dl{nl—%J}ZODJN( 1):]71’ (14a)

all{hv’(Dl{l+%J—s—‘}=0:a”{—s—‘}=02>a11 =0. (14b)
aal] nl n]

The second equation in (14a) shows that the Chinese government will set the level of electricity consumption at the
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quantity which equates the marginal national benefit to the marginal cost of electricity production. The first equation
in (14a) makes it clear why this is the case: Japan responds to a marginal expansion of sulfur dioxide emission in China
by increasing its quantity of pollution abatement imported from China at a level that exactly matches the increase in the
Chinese sulfur dioxide emission. Hence, China’s environmental damages caused by its electricity consumption are
completely taken care of by Japan! Equation (14b) shows that China finds it optimal to bear no cost with pollution
abatement production, since it knows that Japan will decrease its imported quantity of pollution abatement at a
one-to-one rate with any quantity of pollution abatement production financed by the China.

Proposition 3 summarizes the results of this subsection.

Proposition 3: If y, >0, y, >0, a,, >0 and a,, > 0in the subgame perfect equilibrium for Multistage Game 2,

whereby China is the Stackelberg leader and Japan is the Stackelberg follower, the equilibrium allocation is described
by conditions (3a), (3b), (6b), (6d), (8), (14a) and (14b).

China’s ability to commit to an environmental policy agenda prior to Japan determining its environmental
policy agenda enables it to completely rely on Japanese-financed pollution abatement to deal with its environmental
problems. Anticipating that Japan will demand more pollution abatement from China as the level of Chinese sulfur
dioxide emission expands, the Chinese government has no incentive to regulate electricity consumption (or
production).

This second leader-follower scenario appears to describe well the current state of affairs, since to date China
has not reduced sulfur dioxide emissions and its production of sulfur dioxide abatement has been largely dependent on
foreign aid or direct investment. Japan, perhaps due to its downwind geographic location, may have been unable to
credibly commit to an acid rain policy that induces China to fully finance the development and implementation of
desulfurization technology. The facts seem to contradict the alternative hypothesis that Japan has taken a leadership
position vis-a-vis China in acid rain policy making because Japan’s continual financial support of desulfurization
projects in China is not consistent with a position of policy leadership. Japan’s resulting equilibrium strategy in the

previous sequential game is to provide no support to such projects.

4. Pareto Efficiency

For a fixed parameter 6 € (0,1), we can determine a Pareto efficient allocation by choosing nonnegative
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{x,,xz,yl,yz,al,az} to maximize

oulx, + £ () =D, )+ (1= Ol + £ (v,)- (D, )) (15)

subject to:
nl(xl +p]yl)+ nz(xz +p2y2)+sla” +s,a, +K +K,=1+1,, (16)
D, =h(ny —a, ~a,) D,=(1-hlny —a,-a,)+ny —a,. (17)

By varying the parameter € between 0 and 1, we can derive the whole Pareto frontier. Assuming an interior solution,

the Pareto efficient allocation for a given 8 satisfies the overall resource constraint (16) and the following conditions:

) _(1-0)'(w.) s

n, n,
f'(v)=p, +nmv'(D,)+n,(1-hrW(D,), (18b)
/()= p, +nv(D,), (18¢)
nhv'(D,)+n,(1-kW'(D,)=s,, (18d)
nv'(D,)=s,, (18¢)

where
w, =X, +f(yj)—v(Dj)

Equation (18a) tells us that it is efficient to transfer income from one nation to another until the weighted
national marginal utilities of income are equalized. Since per capita income in Japan is much larger than per capita
income in China, we postulate throughout that income transfers will flow from Japan to China. The weights depend on
the parameter @ and on the regional population sizes. A transfer of one unit of income from Japan to China, for

example, costs 1/n, to the representative Japanese resident and yields a benefit of 1/n, to the representative Chinese

resident. All else the same, the parameter € influences the size of the overall international income transfer; the larger

the value of this parameter is, the larger will be the efficient level of the income transfer that flows from Japan to China.
Equation (18b) demonstrates that the efficient level of electricity consumption in China is found from

equalization of the Chinese marginal benefit from consumption of electricity and the international marginal cost of

electricity production in China. This cost is the sum of the marginal production cost and the marginal pollution
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damages incurred by China and Japan. Equation (18c¢) is similar in spirit. It states that the efficient level of electricity
consumption in Japan follows from equalization of the Japanese marginal benefit from consumption and the Japanese
marginal cost of production. The marginal cost is given by the sum of marginal production cost and the marginal
pollution damage faced by Japan.

Equation (18d) informs us that the efficient level of pollution abatement production in China is determined
by equating the international marginal benefit of pollution abatement production in China to the Chinese marginal cost
of pollution abatement production. The marginal benefit of pollution abatement production is measured by the
international pollution damage saved with production of pollution abatement. Equation (18e¢) says that in Japan the
efficient level of pollution abatement production follows from equalization of the Japanese marginal benefit from
pollution abatement production in Japan to the Japanese marginal production cost of pollution abatement production.

It is important to note that none of the decentralized equilibria studied in the previous section is Pareto
efficient. The equilibria fail to satisfy several of the efficiency conditions, including efficiency condition (18a). The
simultaneous Cournot-Nash equilibrium satisfies efficiency condition (18c) but fails to satisfy efficiency conditions
(18b), (18d) and (18e) because China does not internalize the transboundary pollution caused by its sulfur dioxide
emissions and because Japan finds it attractive to finance pollution abatement production in China instead of producing
it at home. The subgame perfect equilibrium for the Multistage Game 1, whereby Japan is the Stackelberg leader,
satisfies efficiency conditions (18c) and (18e) but does not satisfy efficiency conditions (18b) and (18d). The sole
difference between this equilibrium allocation and the Cournot-Nash equilibrium is that Japan finds it desirable to
produce pollution abatement at home rather than purchasing it from China. Finally, the subgame perfect equilibrium
for the Multistage Game 2, where China is the Stackelberg leader, satisfies efficiency condition (18c) but fails to
satisfy efficiency conditions (18b), (18d) and (18e). In this equilibrium allocation, China finds it desirable to impose
no restriction in its electricity consumption and to spend no resources in pollution abatement production. It produces

pollution abatement, but the cost of production is financed in its entirety by Japan.

5. Efficient International Schemes
The fact that the decentralized equilibria are inefficient motivates us to study situations whereby an International

Agency (IA), presumably an agency consisting of a mix of Chinese and Japanese officials, is in charge of designing an
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international scheme that induces voluntary participation and efficient behavior by both nations. The agency has
limited political and economical powers. It is neither able to commit to policy strategies nor is endowed with
environmental policy instruments. It only controls instruments to effect international transfers. In game theoretic terms,
the international agency is a common Stackelberg follower, which observes the environmental policies of both
countries prior to choosing the international transfer to be made.

Let ¢,,j=1,2, denote the income transfer received (if positive) or paid (if negative) by country j. Although

we will not focus our attention on the magnitude of the income transfer that flows from Japan to China, it is
straightforward to make such a computation in each of the following schemes if one wishes to do so. It is easy to
construct simple but realistic numerical examples where the size of the transfer China receives from Japan depends on
the mutually agreeable distribution of the gains resulting from implementation of the international scheme.

When we introduce income transfers in the model, the budget constraints for the representative Chinese and

Japanese residents, equations (3a) and (3b), respectively, become:

I +t —K —s.a

5 (e ) === py (19a)

1

I, +t,—K, 6 —s,a,, —s,a

xz(yz’azl’azzltz): : 2 zn =2 — - D), (19b)

2

Since the income transfers are redistributive

t,+t,=0. (19¢)

For future reference, it is convenient to rewrite the utilities for the representative residents as follows:
u(w] (y1 ,a,,,d,,,t, )) = u(x1 (y1 ,a,,,t, )+ f(y] )—v(h(n]y] -a, —a, ))) , (20a)
u(w2 (yl,yz,a” LAy, ))E u(x2 (yz,aﬂ,a22 1, )—i— f(y2 )—v((l—h)(nly1 —a, —a, )+ n,y, —a,, )) . (20b)
We postulate that the IA's objective function is a weighted sum of the utilities of the representative residents:
49u(w1 (y, ,a,,,0,,t, ))+(1 —H)u(w2 (y, , Yy, A, ,0dy,,0,,1, )) , 21
where the weight, 6, is taken as given. A reasonable interpretation for the objective function (21) is that it represents

the way in which the constitution of the international scheme allocates the benefits from participation. The weight

given to each country's welfare may have resulted from a bargaining game played by both countries prior to the
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ratification of the international scheme. Although such a game is undoubtedly very interesting, we will defer its
analysis to future work. We assume that both countries agree that expression (21) is the IA's objective function.

We examine three different multistage games in what follows. Each game represents an international scheme
whereby the TA is a common follower and its sole policy duty is to transfer income from one country to the other. The
games obey the same timing of governmental policy decisions as the decentralized simultaneous and sequential policy
games. In the first game, with only two stages, we investigate a scenario whereby China and Japan are both Stackelberg
leaders. In the other two games, consisting of three stages, we model situations where either Japan or China is the
Stackelberg leader. The timing for the first two stages of the second game correspond exactly to Multistage Game 1
and the timing for the first two stages of the third game are identical to Multistage Game 3. We show that each game
has Pareto efficient subgame perfect equilibria and that the equilibrium allocations are isomorphic. Therefore, unlike
our previous results, the results of this section imply that governmental policy commitments play no role in the
allocation of resources.

5.1. Multistage Game 3: Efficient Scheme with China and Japan as Stackelberg Leaders

Consider a setting where China and Japan simultaneously choose their environmental policies, taking each other's
choices as given, but in anticipation of the international transfer policy to be implemented by the IA. We assume that
the transfer policy of the IA must not violate each country's participation constraint. This can be interpreted as one of

the mandates of the constitution underlying the scheme. Formally, the game is as follows:

Stage 1: China chooses nonnegative quantities {yl,a“} to maximize (20a) subject to ¢, =] (yl,yz,an,aﬂ,a22 ),
taking Japan's choices as given. Japan chooses nonnegative quantities {yz,aﬂ,an} to maximize (20b)
subject to ¢, =¢; (y1 I 2 N N ), taking China's choices as given.

Stage 2: Having observed {yl,yz,a”,aﬂ ,a,, }, the IA chooses {t, ,tz} to maximize (21) subject to: (17), (19a), (19b),
(19¢) and

ulw,(y,,a,,a,,t,))>u’, (22a)
ulw,(y,,v,,a,,a,,a,,t,)) > ul, (22b)
where u? ,j=1,2, denotes the per capita welfare level obtained by country j in the Cournot-Nash equilibrium.

Conditions (22a) and (22b) are participation constraints. They state that each country will voluntarily participate in the
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scheme if and only if it gets no less utility from participation than in the status quo. Since a reasonable description of
the status quo in this case is the situation where the countries simultaneously choose their environmental policies,
taking each other’s choices as given, the relevant reservation utility levels are the payoffs received by the countries in
the Cournot-Nash equilibrium.

We proceed with the working hypothesis that the participation constraints are satisfied slack in the subgame
perfect equilibrium. If, as indeed we show below, the subgame perfect equilibrium is Pareto efficient, the equilibrium
allocation may represent a Pareto improvement relative to the Cournot-Nash equilibrium allocation. Whether or not
this is the case will essentially depend on the weight @ placed on China’s welfare (and hence also on the weight 1 -6
placed on Japan’s welfare). Since there is a range of values for the weight 6 such that both countries are strictly better
off if they participate in the international scheme, our working hypothesis will be satisfied in equilibrium provided the
weight is properly determined.

Ignoring the participation constraints, the IA’s optimal international income transfer policy satisfies:

ellr(wl(yl’all’aﬂ’tl)) (l_gh'(wz(yl’yl’all’aZI’aZZ’tZ)) (23)

n, n,

t+1,=0 (19¢c)

It is important to note that conditions (23) corresponds to equation (18a) and that condition (19¢) implies equation (16)

given equations (19a) and (19b). Equations (19¢) and (23) implicitly define the IA's policy-response functions,
tj(y]’yZ’all’aﬂ’aZZ)’j = 1’2'
Let us now examine the first stage of the game. China’s optimal policies are given by:
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f'(yl)=pl+n1hv'(Dl)—(iJ[a—"3J i y>0 (24a)
n, \ o,

o _s, i a,>0 (24b)

nh'(D,)+ 2a,

Equations (24a) and (24b) clearly demonstrate that China’s environmental policy depends on the IA’s policy responses.
We show below that, in equilibrium, the implied IA’s marginal responses correspond to the marginal damage caused

to Japan by Chinese sulfur emissions. Japan’s optimal policies are determined by:

: , 1) o :
f (yz): D, + 1,V (D2 )—(n—J(jJ if y,>0 (25a)
, oL, )
n(1=hp' (D, )+ ==, i a,>0 (25b)
21
, ot} )
n,v'(D, Fﬁ =5, if a,>0 (25¢)

»
As in China, Japan’s policies depend on the IA’s responses. The result below shows that the IA’s marginal policy
responses induce Japan to fully internalize all externalities:

Proposition 4: Suppose that y, >0, y, >0, a,, >0, either a,, >0 or a,, >0, and constraints (22a) and (22b) are
satisfied slack in a subgame perfect equilibrium for Multistage Game 3, whereby China and Japan are Stackelberg
leaders and the IA is the Stackelberg follower. Then, the equilibrium allocation is Pareto efficient.

Proof. As we stated above, equations (19a), (19b) and (19¢) together imply equation (16) and equation (23) is identical
to equation (18a). We must now show that equations (18b), (18c¢), (18d) and (18e) are also satisfied by the subgame

perfect equilibrium. Differentiating equations (19¢) and (23) with respect to y, yields

B R e

a_tf + a_tzs =0.
.
Given (24a) and the fact that u” = 0, we obtain
Oy, (1-h(D,) <0, (26a)

1
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ot}

=nn,(1-hW'(D,)>0. (26b)
oy

Substituting equation (26b) into equation (24a) leads to equation (18b).

Differentiating equations (19¢) and (23) with respect to y, yields

YT e

3 3
ﬁ+%:0.
y, o,

Given (25a) and the fact that " = 0, the solution to the system of equations above is given by

ot = o =0. (26¢)
o, o,

Thus, equation (25a) is identical to equation (18c).

Differentiating equations (19¢) and (23) with respect to a,, yields

R N [ L)

or} N o, _ 0.
Oa oa

11 11

Given (24b) and the fact that u” # 0, the solution to the system of equations above is given by

or}

— =n,(1-rW(D,)>0, (26d)
Oa,,

ot
—2=-n,(1-hp'(D,)>0. (26¢)
oa

11
Substituting equation (26d) into equation (24b) yields equation (18d).

Differentiating equations (19¢) and (23) with respect to a,, leads to

e ) o)

ﬁ_kai =0.
Oa, Oa,
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Given (25b) and the fact that u” # 0, the solution to the system of equations above is as follows:

ot’

= —n'(D,)<0, (26f)
Oa,,
ot ,
aaz =n'(D,)>0. (26g)

21
Substituting equation (26g) into equation (25b) yields equation (18d). Since @, and a,, are perfect substitutes,
equation (18d) holds provided that at least one of these quantities is strictly positive in equilibrium.

Differentiating equations (19¢) and (23) with respect to a,, yields

R )

ot ot

LI S

oa oa

22 22

Given (25c¢) and the fact that " # 0, the solution to the system of equations above is given by

o _ 0t 4 (26h)
Oa,, Oa,

Thus, equation (25¢) is identical to equation (18¢).m

The IA’s international income transfer policy is powerful enough to nullify both countries’ incentives to
behave inefficiently. This conclusion is immediate once one notices that the game just examined is similar to the
Cournot-Nash game, except that it has an additional stage whereby an extra player (i.e., the IA) makes international
income transfers after the countries choose their environmental policies. More specifically, the IA’s international
income transfer policy leads to changes in all aspects of China’s environmental policy and in Japan’s decisions of how
much pollution abatement to import or produce at home. Equation (26a) informs us that the IA’ response to a marginal
increase in China’s sulfur emission is to penalize China with a monetary cost equal to the marginal damage caused to
Japan by China’s emissions. The international transfer policy, therefore, forces China to fully acknowledge the full
cost of electricity provision. Equation (26d), on the other hand, tells us that the IA rewards China for a marginal
increase in its abatement provision with a monetary transfer equal to the marginal benefit that such a marginal

expansion generates in Japan. For Japan, equation (26g) reveals that the IA rewards Japan for a marginal increase in its
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quantity of abatement imported from China with a monetary transfer equal to the marginal benefit that such an
expansion creates in China. Given the IA’s rewards, both countries view the quantities of abatement produced in China
as perfect substitutes — i.e., both countries use equation (18d) to determine their choices. Hence, there is a continuum
of (Cournot-Nash) equilibria in the first stage of the game. It is also worth noting that Japan’s choices of quantities of
electricity and abatement to produce at home are not directly influenced by the IA because the conditions used by
Japan to determine these quantities are efficient.

It is quite possible (and indeed likely) that both countries decide to participate in the international scheme.
Prior to their participation decisions, the countries fully anticipate that there are “gains from trade”: the monetary
transfer that flows from Japan to China may more than fully compensate China for incurring the additional costs
associated with internalization of the transboundary pollution and the effect felt by Japan from such an internalization
may translate in a monetary benefit amount that is larger than the amount of income transferred. There is a range of &
values under which both countries benefit from this trade; the exact value of this parameter depends on the abilities of
both players (China and Japan) in the bargaining game (not modeled). However, once an agreement is reached, we
immediately obtain the IA’s objective function and the scheme is fully implementable.

5.2. Multistage Game 4: Efficient Scheme with Japan as the Stackelberg Leader

We now examine a setting whereby Japan is able to commit to an environmental policy agenda prior to China. Japan,
China and the IA play a three-stage game, with the timing for the first two stages being identical to the timing for
Multistage Game 1. The IA determines its international income transfer policy in the third stage. Formally, the game

is as follows:

Stage 1: Japan chooses nonnegative quantities {yz,a21 ,azz} to maximize (20b) subject to: ¢, =1} (y] I 2 N B ) ,
yl = y;‘(y2’a21’a22) and al] = al“l(y2’a2]’a22)'

Stage 2: Given {yz,a21 ,a,, } , China chooses nonnegative quantities {yl ,a”} to maximize (20a) subject to:
L= t;‘(y]’yZ’a]]’a2l’a22)'

Stage 3: Having observed {yl,yz,a” ,dy,,d,, }, the IA chooses {tl,tz }to maximize (21) subject to: (17), (19a), (19b),
(19¢) and

ulw,(v,.a,,a,.1,)>u, (27a)
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u(W2(yl’y2’all’a2]’all’tl))zu;’ (27b)
where uj ,j=1,2, denotes the per capita welfare level obtained by country j in the Multistage Game 1. Conditions

(27a) and (27b) are the analogues of conditions (22a) and (22b), respectively. They represent the relevant participation
constraints in this game, since they require that the per capita welfare levels in equilibrium for the current game be no
less than the per capita welfare levels implied by the subgame perfect equilibrium for the sequential game where Japan
is the Stackelberg leader and China is the Stackelberg follower.

We again assume that the participation constraints are satisfied slack in equilibrium. Since the subgame
perfect equilibrium for Multistage Game 1 is inefficient and we demonstrate below that a subgame perfect equilibrium
for the current game is efficient, there is a range of 6 values under which both countries end up strictly better off if
they participate. As in the previous game, given slack participation constraints, the solution to the IA’s problem is

given by equations (19¢) and (23). These equations implicitly define ¢} (y] I T N SO ) ,j=12.

Consider now China’s choices. Anticipating the international income transfer policy to be implemented by

the IA, China’s optimal quantities are determined by the following conditions:

f’(y])=p,+n1hv’(D,)—[iJ(—at‘4 J i 3,50 (284)
n, \ oy,
ot} »
n (D)) + ==, if a,>0 (28b)
a

i
Because conditions (28a) and (28b) are similar to conditions (24a) and (24b) of the previous game, respectively, the
incentives faced by China in this game are essentially the same. One should, therefore, expect that China will find it
desirable to fully internalize the transboundary pollution. Equations (28a) and (28b) implicitly define China’s policy
responses, y, = v'(y,,a,,a,) and a, =a.(y,.a,,a,).

Japan knows how China and the IA will respond to its policy choices. Acknowledging the responses of the

other players, Japan’s optimal quantities are given by

()= po+ (D)4 hb(Dz{nl(@j Gyz} {nj{ayz+[ay1j[ay2]+[aanj{ayz j}

if 7,>0  (29)
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if a,>0  (29b)

4 4 4 4 4 4 4
(D) + 2 s o (1= (D, | | 2 |G | ([0 ) [ o | Gay
Oa,, ) Oa oy, \ 0a,, Oa,, \ 0Oa,,

aa 22 22

if a,>0 (29¢)

22

We start by computing the IA’s marginal response functions. As in the previous game, differentiation of

equations (19c¢) and (23) with respect to y, yields a system of two linear equations in two variables whose solution,

given (28a) and the fact that u" # 0, is given by
(30a)

4
Z}‘ =—nn,(1-hW'(D,)<0,

2; =nn,(1-hW'(D,)>0. (30b)

Also as in the previous game, differentiation of equations (19¢) and (23) with respect to a,, yields a system of two

linear equations in two variables whose solution, given (28b) and the fact that " # 0, is as follows:

4
S (1-h)(D,)> 0, (30¢)
Oa,,

ot}
—=-n,(1-rp'(D,)>0. (30d)
Oa,,

Since the procedure to determine the remaining IA’s marginal response functions is different than the one

used in the previous game, we will demonstrate it in detail. Differentiating equations (19¢) and (23) with respectto y,

leads to

S (03 G (6 GRS

nl n] ayZ 2 2

8_1‘144—6_1‘;:0.
o, 0y,

The solution to this system of equations is
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N ((1 =0 (w, X/ '(r,)= p, ~ny'(D, ))]

o, (W(zw, )] . ((1 - Q)Z"(WZ )J : (30e)
(1= 00w, /' (v2) = po = mv'(D,))
x| : J
R
Similarly, it is straightforward to show that
(=01 Yo 1= (0.) =) _( 6o (D)
582; :[ (’;i"(;v)]{(lj)z"([wz) s J (30g)
(1=0)u"(w, Ny (1= W(D,)=s,))_{ "(w, Yo, (D,))
o ( ) (10]»"((%) - J Gon
)
(1=0)"(w, Xnv'(D,)-5.)
o [ |
8a122 ('9”"(2%)}((1 g)z,,(wz)]» (30i)
(1=0)u"(w, (D, )-5,)
w [0 |
0. (9“"(?,)}((1_9){(%@ ~ (0)

Let us now determine China’s marginal response functions in the second stage. First, note that by inserting

equations (30a) and (30c) into equations (28a) and (28b), respectively, we obtain:

f'(yl‘t(yZ’aﬂ’aﬂ )): pl +nlhvl(h(nlyl‘t(yZ’aﬂ’aZZ)_al“l (y2’a21’a22 )))

+n2(1_h)vy((l_h)(nly?(yz’azvazz)_a:l(y2’a21’a22))+n2y2_azz)
i >0 Gl
nlhv'(h(nly?(ywazwazz)_aﬁl(ywazl!azz)))_Fnz(l_h)v'((l_h)(nly?(yZJaZIJazz)_aﬁ(yzfazlrazz))'i_nzyz_azz):sl
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(31b)

Equations (31a) and (31b) are identical to equations (18b) and (18d), respectively, except that we have already inserted

China’s policy response functions into them. A straightforward exercise in comparative statics yields the following

results:

vy oy

5

&, Oa, Oa,
O I
o, Al '(D)+n,(L-np"(D,) "
Oa,,
aa:l - _ nz(l_h)V”(Dz) <0.

da,,  h(nmv"(D,)+n,(1-hp"(D,))

Given equations (30d) and (32a), we may rewrite equation (29a) as follows:

£02)=rp, +n2v’(D2)—(ij( MJ if >0

n, \ oy,

Substituting equation (30f) into (33a) yields the following expression after some algebra:

[M](f’(yz)—pz ~n,v'(D,))=0 i y,>0

2
1

Since (M] # 0, equation (33b) implies equation (18b).

Given equations (30d) and (32a), we may rewrite equations (29b) and (29c¢) as follows:

4
n,(1- h)v'(D2)+—6’2 =5, if  a,>0
Oa,,
, o, .
nv'(D,)+—= =5, if a,>0
oa

22

Inserting equations (30h) and (30j) into equations (33c) and (33d), respectively, yields

n,

[MJ(nlhv'(Dlhnz(l—h)v'(Dz)—s,):O iy a0
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(33a)
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(33¢)
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(Hu"(zwl )J(nzv’(D2 )— s, ) =0 if a,>0 (339

2
1

Since (M] # 0, equations (33¢) and (33f) imply equations (18d) and (18e), respectively.
We may summarize the results above with the following proposition:

Proposition 5: Suppose that y, >0, y, >0, a,, >0, either a,, >0 or a,, >0, and constraints (27a) and (27b) are

satisfied slack in a subgame perfect equilibrium for Multistage Game 4, whereby Japan moves first, China moves
second and the IA is the common Stackelberg follower. Then, the equilibrium allocation is Pareto efficient.

It is again the ability of the IA of transferring income from Japan to China after the countries choose their
environmental policy agendas that induces both countries to behave efficiently. Given the income transfer policy, the
incentives faced by both countries are exactly the same as in the previous game. As we discussed above, this
conclusion is immediate in the case of China, since the equations that determine the optimal environmental policy in
this country are identical to the equations that determined the optimal environmental policy in the previous game. In
the case of Japan, the conclusion is not as immediate, but it goes through after some simplification of the algebraic
expressions. The ability of committing to an environmental policy prior to China does not give Japan any particular
advantage, since its optimal environmental policy agenda in this game is identical to Japan’s environmental policy
agenda in the previous game.

5.3. Multistage Game 5: Efficient Scheme with China as the Stackelberg Leader

We now reverse the order of moves for the countries by considering a game where China is the Stackelberg leader.
Japan observes China's choices and chooses its environmental policy agenda. Both countries make their decisions
knowing how the IA will respond. The IA observes the actions taken by the countries and determines the optimal

transfer policy from its point of view. The game is as follows:

Stage 1: China chooses nonnegative quantities {yl,a“} to maximize (20a) subject to: 7, =¢; (y] ,V,,4y, ,aZI,azz) ,

y2 :yj(yl’all)’ aZl :ajl(yl’all) and a22 :ajZ(yl’all)'

Stage 2: Given {yl,a” }, Japan chooses nonnegative quantities {yz,aﬂ,a22 }to maximize (20b) subject to:

5
L= (y]’yZ’all’a2l’a22)'
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Stage 3: Having observed {yl,yz,a”,aﬂ,a22 }, the IA chooses {tl,tz} to maximize (21) subject to: (17), (19a), (19b),
(19¢) and
u(w, (v, @y a1,)) 2 0 (34a)
ulw,(y,,v,,a,,a,,a,.t,))>u’, (34b)
where u;, j=1,2, denotes the per capita welfare level obtained by country j in the Multistage Game 2. Conditions

(34a) and (34b) are participation constraints. The relevant reservation utility levels are the payoffs received by the
countries in the setting where China is the Stackelberg leader and Japan is the Stackelberg follower.

As before, we proceed by assuming that in equilibrium the participation constraints are satisfied slack. Given
this assumption, equations (19¢) and (23) again characterize the IA's optimal international income transfer policy.

These equations implicitly define the response functions, #; (yl, Yy, 8,0, ,0, ) ,j=12.

Japan anticipates the effects brought about by the IA's income transfer policy and determines its optimal

environmental policy agenda accordingly. The equations that illustrate Japan's optimizing behavior are:

) , 1| o .
f<2>:pz+nzv<Dz>—(—][—zJ o0 659
n, \ oy,
, ot ‘
n,(1-=hp'(D, )+ == =35, if a,>0 (35b)
oa,,
nzv'(Dz)—i-ai:s2 if a,>0 (35¢)
Oa

»
As one should expect, these equations are similar to the equations that characterized Japan's optimizing behavior in
Multistage Game 3. Japan faces the same incentives in this scenario as in that other scenario.

Knowing how both Japan and the IA will behave, China chooses its environmental policy agenda. China's

optimal choices satisfy the following equations:

o senon ([ o

if 7>0  (363)
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5 5 5 5 5 5 5
(D, )+ g [ G Qs | [ O | Can || [ O p,) | Qo if a,>0  (36b)
aall ayz aall aazz aall aaZI aall

It is straightforward to show that conditions (35) and (36), together with equations (19¢) and (23), imply the
Pareto efficient conditions. It should now be clear to the reader that differentiation of equations (19c) and (23) with

respect to {y2 ,a,, ,azz} gives rise to the following marginal response functions:

5 5
ﬁ = ai =0, (37a)
&y, oy,
5
O (D)<, (37b)
oa,,
ot ,
2 —n'(D,)>0, (37¢)
Oa,,
5 5
o oy (37d)
Oa,, Oa,

Given equations (37a), (37¢) and (37d), we may rewrite equations (35a), (35b) and (35¢) as

f,(ys(ywan)):pz+n2V,((1_h)(n1y1_all_a;(yl’all))_"nzy;(ylian)_azsz(yliall)) lf Y, >0 (383)
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nlv'(h(nlyl —-a, - a; (yl »dy, )))+ nz(l - h)vl((l - thlyl —a, a; (yl »ayy ))+ ’12}/; (yl » )_ a252 (yl » )) =95
if a,>0 (38b)
nzv’((l_h)(n]yl —-a, _a251(y1’a11))+nzyzs(yvan)_ajz(yvan)):Sz lf ay >0 (380)
Equations (38a), (38b) and (38c) correspond to equations (18b), (18d) and (18e), respectively, except that Japan’s

policy response functions are inserted into them.

Differentiation of equations (38a), (38b) and (38¢) yields the following marginal policy responses:

5 5
Dy, (392)
ayl aall
5 5
Gan O _, (39b)
a.yl aall
5
Oa,, =n,, (39¢)
,
5
Qay _ . (39d)
Oa,,
Given equations (37b), (39a) and (39b), we may rewrite equations (36a) and (36b) as
) , 1y o )
S'0)=p 4 (D)~ — | - if »,>0 (40a)
n )\
: or; ,
nh'(D,)+=——=5, if a,>0 (40b)
Oa,,
Differentiating (19¢) and (23) with respect to y, yields
Ou"(w, 1) o , , 1-0)u"(w 1\ o ,
(A [ L2 r)-mavto)| (U [ L2 o)
nl nl a-yl n2 n2 a-yl
% + 8_2‘25 =0.
P
Given (40a) and the fact that u” = 0, we obtain
or} ,
=-nn,(1-n)'(D,)<0, (41a)

1
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2;4 =, (1= hW(D,)>0. (42b)

Substituting equation (41b) into equation (40a) implies equation (18b).

Differentiating (19¢) and (23) with respect to a,, we obtain:

S (o et ey (6 C RO

5 5
ot N o, _ 0.
Oa, Oa,,
Given (40b) and the fact that u" # 0, we have
ot;
——=n,(1-h)(D,)>0, (41¢)
Oa,, ; :
ot;
2 =—n,(1-h)'(D,)>0. (41d)
Oa,,

Substituting equation (41c) into (40d) yields equation (18d).
The following proposition summarizes the results above:

Proposition 6: Suppose that y, >0, y, >0, a,, >0, either a,, >0 or a,, >0, and constraints (34a) and (34b) are

satisfied slack in a subgame perfect equilibrium for Multistage Game 5, whereby China moves first, Japan moves
second and the IA is the common Stackelberg follower. Then, the equilibrium allocation is Pareto efficient.

The incentive effects introduced by the IA's international income transfer policy are again strong enough to
nullify each nation's incentives to behave inefficiently. As in the other two international schemes examined above, a
subgame perfect equilibrium allocation in the current setting induces China to internalize the transboundary pollution
and Japan to correctly value the marginal benefit associated with its importation of abatement from China. Since China
and Japan agree on the marginal benefits and costs associated with abatement provision in China, the two types of
abatement provided by China are perfect substitutes. There is a continuum of subgame perfect equilibria. All subgame
perfect equilibria that satisfy the restrictions imposed by Proposition 6, however, are Pareto efficient and result in the
same distribution of welfare levels between the nations. The equilibria differ only with respect to the allocation of

abatement costs and income transfers.
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In sum, Propositions 4 - 6 tell us that, under similar restricting circumstances, the subgame perfect equilibria
for Multistage Games 3 - 5 are identical to each other in the sense that they result in the same (real) allocation of
resources. This conclusion may be stated as follows:

Proposition 7: Provided Propositions 4 - 6 hold, there is no "first-mover" advantage. That is, the ability of either Japan
or China of committing to an environmental policy agenda does not affect the allocation of resources.

Proposition 7 is good news for policy makers who wish to find reasonable solutions to the China-Japan acid
rain problem. If we are indeed correct in characterizing the current state of affairs as the scenario in which China is the
policy leader, China’s current leading position will certainly work in its favor in the (political) bargaining game that
shall decide how the gains from the agreement should be divided between the two countries. If China continues to be
the leader even after an international agreement is brokered should not cause much concern to Japan. Provided both
countries agree on a mutually satisfactory rule (constitution) for the distribution of the gains, the agreement will be
efficient and policy leadership will be worthless.

6. Conclusion

Acid rain is a problem of current and future concern in both China and Japan. A fraction of Japan’s sulfur depositions
originates from sulfur dioxide emissions in China. Since Chinese sulfur dioxide emissions are expected to escalate by
a significant amount in the near future, the environmental quality of already severely acidified Chinese and Japanese
regions will certainly worsen under business-as-usual conditions, perhaps reaching catastrophic levels by 2020.
Effective Chinese and Japanese acid rain control strategies are desperately needed to improve current and future
environmental conditions.

To date, China has not effectively controlled its own sulfur dioxide emissions. With the exception of a few
foreign-financed desulfurization projects in China, there does not appear to be any governmental action in promoting
sulfur abatement activities. China’s current position of not interfering with the production of sulfur dioxide and not
spending resources in sulfur abatement activities may represent a policy commitment vis-a-vis Japan. Perhaps due to
its disadvantageous downwind geographic position, Japan appears to be unable to credibly commit to a policy of no
financial support to development and implementation of desulfurization projects in China. The current state of affairs
seems to be described well by a strategic leader-follower game in which China plays the role of policy leader.

The equilibrium for the game that is currently being played by China and Japan is undoubtedly inefficient.
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There is scope for growth in the welfare of both countries if they agree to “trade” with each other. Not only per capita
income is substantially larger in Japan than in China, but also Japan derives enormous benefits from both reduction of
sulfur dioxide emissions and provision of sulfur abatement in China. Japan is surely able to compensate China for
switching from its current inefficient behavior to a behavior consistent with internalization of the transboundary
pollution. The needed adjustments to be carried out in the Chinese economy can be financed with Japanese funds by
an international agency consisting of a mix of Chinese and Japanese officials. This agency may be mirrored after the
Global Environment Facility.

If the international agency is delegated authority to transfer income from Japan to China and the income
transfer policy is effected after the countries choose their environmental agendas — i.e., the international agency
implements redistributive transfers, similarly to the Global Environment Facility — it is possible that both countries feel
motivated to choose efficient environmental policies. The transfer policy has implicit punishments and rewards built
into it. In the analysis of this paper, the marginal punishments and rewards consisted of efficient (Pigouvian) pollution
taxes and subsidies.

The international agency may be restricted to follow the rules embedded in the constitution of the
international agreement by the founding fathers (i.e., China and Japan). The constitution, for example, may explicitly
orient the agency on how the “gains from trade” (participation) shall be divided by both countries. The rule for the
division of the gains from trade will then determine the size of the income transfer to be made from Japan to China. The
constitution may also have explicit safeguards that prohibit the implementation of income transfers that violate either
country’s participation constraint.

The drafting of the constitution will certainly depend on the abilities of China and Japan in the playing of a
political bargaining game. It is likely that China will have a better bargaining position in such a game due to its current
policy leadership status. The resulting constitution, emphasizing that fairness is an issue of extreme importance, may
subsequently require that Japan not only finance a fraction of sulfur abatement expenditures in China but also provide
(compensatory) income transfers. This noticeable increase in the degree of Japan’s economic responsibilities relative
to the status quo is nevertheless perfectly consistent with an increase in Japanese welfare. Furthermore, policy
leadership, currently a very valuable resource, may bring little (if any at all) benefit to China after the international

scheme is launched.
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