Who would Get Gains from EU's Quantity Restraint

on Emissions Trading in the Kyoto Protocol?1

Kazunari Kaino*
Tatsuyoshi Saijo**
and

Takehiko Yamato***

February 2000; revised July 2000

1 We would like to thank Takeshi Masuda for helpful comments and discussions. Research was
partially supported by the Grant in Aid for Scientific Research 1143002 of the Ministry of
Education, Science and Culture in Japan, the Asahi Glass Foundation, and the Nomura
Foundation. This paper does not necessarily express the official views or opinions of the
Ministry of International Trade and Industry, Government of Japan.

* Energy Policy Planning Division, Agency of Natural Resources and Energy, Ministry of
International Trade and Industry, Government of Japan, 1-3-1 Kasumigaseki, Chiyoda, Tokyo
100-8931, Japan. E-mail: kaino-kazunari@miti.go.jp

** Institute of Social and Economic Research, Osaka University, Ibaraki, Osaka 567-0047, Japan,
and CREST, Japan Science and Technology Corporation, 3-12-40 Hiroo, Shibuya, Tokyo 150-
0012, Japan. E-mail: saijo@iser.osaka-u.ac.jp

*** Faculty of Economics, Tokyo Metropolitan University, Hachioji, Tokyo 192-0397, Japan.
E-mail: yamato-takehiko@c.metro-u.ac.jp



ABSTRACT

The EU proposal on the quantity restraint of the emissions trading in the
Kyoto Protocol aims at reducing so called hot air that would be generated by the
purchase of emissions permits sold by a country whose actual emissions are much
lower than the assigned amount. This proposal allows demanders to choose one out of
ten possible quantity restraints, but suppliers have no choice on the restraint. In this
paper, we show that no quantity restraint of all demanders is not a subgame perfect
equilibrium, but quantity restraints with at least one country constitute the equilibria.
Furthermore, the EU proposal certainly benefits demanders including the EU at the

sacrifice of suppliers.
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1. Introduction

The Kyoto Protocol to the Climate Convention in December 1997 requires that
the Annex B Parties (that is, advanced countries and countries that are undergoing the
process of transition to market economies) under the Protocol should not exceed their
assigned amounts, calculated pursuant to their quantified emission limitations and
reduction commitments. In order to implement this goal, it authorizes three major
mechanisms called the Kyoto mechanism. These are emissions trading, joint
implementation and the Clean Development Mechanism (CDM).

Emissions trading is a mechanism where a country who cannot attain the
assigned amount can buy emissions permits from countries who have enough permits.
Joint implementation is a credit exchange mechanism among the Annex B parties
where an Annex B country obtains credits that can be used as a part of her own
reduction by investing in emissions reduction activities in another Annex B country.
CDM is a credit exchange mechanism between an Annex B country and a country not
included in Annex B through emissions reduction activities.

As almost no details are given in the Protocol, we must design the details of
these mechanisms. Following the Kyoto Conference, the Fourth Conference of Parties
(COP4) at Buenos Aires, and COP5 at Bonn were held, but the details are still up in the
air. COP 6 at the Hague in November of 2000 is expected to determine them, but a gulf
exists among countries and it is widely believed that the details will be determined in a
later year.

One of the central issues in the Kyoto Protocol has been supplementarity of the
Kyoto mechanism to domestic actions in reducing Greenhouse Gas (GHG) emissions.

That is, the EU and some developing countries have been insisting that the first



priority is to reduce GHG emissions domestically, and hence the usage of the Kyoto
mechanism should be the last resort. So called hot air is an important factor. Countries
such as Russia and Ukraine whose actual emissions would be much lower than their
assigned amounts could sell emissions permits without reducing GHG emissions
domestically. Therefore, it is mandatory that some restrictions must be imposed on the
usage of the mechanism. On the other hand, a group called JUSSCANNZ[]and some
countries in transition to market economies who are favorable towards the market
mechanism always oppose to restrict the three mechanisms. P

Although the fate of the Kyoto Protocol is uncertain,Blit is certain that
supplementarity would be a major issue in the future protocol as well as the Kyoto
protocol. So far, almost no concrete and detailed proposal on supplementarity had
existed until the EU defined supplementarity for the Kyoto Protocol on May 18, 1999.
As a first step to understand the supplementarity issue, we analyze pros and cons of
this EU proposal in order to compare it with future proposals. We all know that some
restriction on trading always results in the loss of its efficiency, but this does not
necessarily imply that every party would lose ] That is, some parties would get gain
and others would not.

Consider now the details of the EU proposal. The European Union Council of
Ministers agreed on the recommendation on the definition of supplementarity for the

Kyoto Protocol, and the EU proposed this new formula during the tenth sessions of the

1 JUSSCANNZ stands for Japan, the United States, Switzerland, Canada, Australia, Norway and New
Zealand.

2 Certain "cultural" differences are visible between the market oriented Anglo-American approach and the
European approach that mistrusts of it. See Oberthiir and Ott (1999) .

3 It is widely believed that the Kyoto Protocol would not be ratified due to the objection of the U.S. Senate.
4 Experiments unveil interesting evidences: Bohm (1997) found that each session of his emissions trading
experiments achieved very high efficiency under the no supplementarity condition. Hizen and Saijo (1999)
support Bohm's observation.



Subsidiary Bodies held at Bonn from May 31 to June 11, 1999 (see Council Conclusions
on a Community Strategy on Climate Change (1999)): Net acquisitions by an Annex B
Party for all three Kyoto mechanisms together must not exceed the higher of the two
following alternatives:

its base year emissions multiplied by 5 plus its assigned amount .

15%f: s
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(2) 50% of: the difference between its annual actual emissions in any year of the period
from 1994 to 2002, multiplied by 5, and its assigned amount.

Net transfers by an Annex B Party for all three Kyoto mechanisms together
must not exceed (1).

Consider an example. Assume that a country emitted 100 units of GHGs in
1990, and assume further that the country's assigned amount is 94% per year of the
emissions in 1990. By using formula (1), we have {(100 x5 +94 x5) / 2} x0.05 =24.25.
That is, the country can rely on the Kyoto mechanism up to 24.25 units of acquisitions
from the year of 2008 to 2012. Next, consider annual actual emissions from 1994 to
2002. There must be nine numbers. Suppose that annual actual emissions in 1999 are
124 units. Applying (2), we obtain (124 x5 -94 x5) x0.5 =75. That is, the country can
acquire up to 75 units from 2008 to 2012. Thus, the country can choose one number out
of ten numbers from formulas (1) and (2). The EU proposal says that the number is the
upper limit of acquisitions of the country. On the other hand, if the country wants to
become a supplier, then the maximum transfers must not exceed the quantity obtained
by formula (1).

The EU proposal opens up two important strategic behaviors on the quantity

restraints in the Annex B countries. First, since a country that acquires emissions



permits and credits can choose her own upper limit out of possible ten numbers, the
choice itself is a strategy.f] Second, since a country can choose a number that has not
yet realized, if the country wants to extend the upper limit, she would ban on the
production of GHGs in 2001, and then cancel it at the beginning of 2002. By this way,
the upper limit would be relaxed.p] On the other hand, because a country that supplies
emissions permits and credits has just one upper limit, she cannot use the limit as a
strategic variable.

Although the EU proposal puts quantitative constraints to all three
mechanisms, the applicability of supplementarity to all of them is doubtful. The Kyoto
Protocol clearly states that both joint implementation and emissions trading are
supplemental to domestic actions (Articles 6 and 17). However, no explicit statement is
found on supplementarity for CDM (Article 12). Therefore, we do not impose any
quantity restraint on the supply accruing from CDM in this paper.

Baron, Bosi, Lanza and Pershing (1999) are the initiators analyzing the
proposal assuming that each country chooses the highest number among ten
possibilities. Further, Kaino (1999) evaluates supplementarity in the Kyoto Protocol
and then proposes some numerical simulation of the proposal. In this paper, we focus
upon the strategic nature of the proposal. Specifically, we examine how the quantity
restraints in the EU proposal affect the total trading quantity of emissions permits, the

price of emissions permits, and the payoffs of demanders and a supplier, by using a

5 It has been argued that many countries such as Portugal, Finland, Luxembourg, and Monaco would not
choose the maximum amount of emissions out of ten possible numbers.

6 For example, Finland could stop producing CFCs in a year and buy them from Denmark, and in the
following year vice versa. Another example is on deforestation. No-deforestation at Finland and
deforestation at Sweden in a year, and in the following year vice versa.



simple game-theoretic model []We find that each demander has a strong incentive to
choose a quantity restraint in the following two-stage game. In the first stage, each
demander simultaneously chooses whether or not she chooses a quantity restraint. In
the second stage, the demanders that decided to choose quantity restraints
simultaneously select their levels of quantity restraints, knowing the other demanders'
quantity restraint decisions in the first stage. Then emissions trades occur: the
quantities of all countries and the price are determined so that the total quantity
demanded is equal to the total quantity supplied in a competitive emissions trading
market.

We show that no quantity restraint of all demanders is not a subgame perfect
equilibrium of the above two-stage game. Rather, at least one demander always puts a
restraint as a subgame perfect strategy. On the other hand, the quantity restraints by
demanders have a negative impact on the supplier. As the number of demanders
choosing quantity restraints increases, the profit of supplier decreases, since both the
total trading quantity and the price decrease. Although achieving the goal of the EU
proposal is uncertain, it certainly benefits demanders including EU at the sacrifice of
suppliers such as countries in transition to market economies and developing
countries.

The paper is organized as follows. Section 2 investigates the basic model
without CDM or supplier's quantity restraint. Section 3 introduces a more general
model with CDM and supplier's quantity restraint. For both models, we examine the
effects of quantity restraints of demanders on the total trading quantity, the price, the

payoff of a supplier, and the payoffs of demanders. Section 4 discusses the future

7 We use a participation game structure in Saijo and Yamato (1999).



agenda.

2. The basic model without CDM or supplier’s quantity restraint.

Consider three countries, indexed by 0, 1, and 2 BWe assume that the
marginal abatement cost (MAC) curve of each country is linear, as illustrated in Figure
1 in which the horizontal axis denotes the quantity of emissions and the vertical axis
represents the marginal abatement cost. The vertical dotted line indicates the goal
amount assigned to each country by the Kyoto Protocol. We assume that countries 1
and 2 have the same MAC curve and the same assigned amount.

(I
Figure 1 is around here.
(I

In order to analyze the emissions trading market, it is convenient to
superimpose Figures 1-1 and 1-2 of the MAC curves such that the assigned amount of
every country is equal to the origin of the superimposed figure. See Figure 2.

(I
Figure 2 is around here.
(I
We denote the MAC curve of each country i in the superimposed figure by
MAC;(x;)=a; —(a; / b;)x;, i=0,1,2, where x; is the difference between country i’s
quantity of emissions and its assigned amount. Since countries 1 and 2 have the same

MAC curve and the same assigned amount,

(Al) a1 =4dy and bl =b2.

8 Throughout the paper, we focus on the case of three countries, one supplier and two demanders.
However, it is easy to show that our main results hold in a more general case in which there are n
demanders.



We also assume that

(A2) a1 >ay >0, by >0, and by >0.

(A2) means that (i) a; /b; >0, that is, the marginal cost to abate emissions increases as
the quantity of emissions decreases; and (ii) the MAC curve of country 0 is below that
of country 1 or 2 around x; =0, although the MAC curve of country 0 could intersect
that of country 1 or 2, because of no assumption on the relation between their slopes,
ay /by and a1 /by .

Since the MAC curve of country 0 is below that of country 1 or 2 around

x; =0, country 0 is a supplier (xy <0), while countries 1 and 2 are demanders

(x1 >0,xy >0) in the competitive emissions trading market, as Figure 2 showsP|The
competitive equilibrium price is p(0) at which the total quantity demanded is equal to
the quantity supplied.@l The amount of emissions permits that each country

i 0{1,2} buys from country 0 at p(L) is x;(). Because countries 1 and 2 have the
same MAC curve, x;(0F x50 ). The total amount of emissions permits that country 0
sells to countries 1 and 2 at p([0) is xq (0} xolJ ). The marginal abatement cost of

each country is equal to the price p(0).

9 One might say that it is odd to assume that the supplier behaves competitively, but we implicitly assume
that the supplier's MAC curve is the horizontal sum of the MAC curves of many possible suppliers. Even
if so, we have big suppliers such as Russia and Ukraine. However, we believe that the competitive
assumption is valid in our framework because of the following reasons. First, the suppliers belonging to
the Annex B countries cannot choose the quantities supplied in the EU proposal. Second, experimental
results show that market power is not conspicuous in the emissions trading market. Bohm and Carlén
(1999) found that big players such as the United States and Russia do not necessarily exercise market
power. A part of the reason is that participants in the market can buy and sell permits. In other words, if
the permit price is high, then demanders can also sell the permits. See also Bohm (2000). Finally, emissions
credits from CDM would be a big source of the permit supply. Haites (1998) estimates that credits from
CDM would exceed more than 50% of all supplies of emissions permits.

10 In the following, we will analyze the situation in which each demander chooses a restraint on the
trading quantity of emissions permits. The symbol O represents the case in which no country selects a
quantity restraint.



The area of the triangle ap(0)e represents the surplus of each demander by
emissions trading (abusing notation, we use a;, b;, and p(U) to represent points on the
two-dimensional space, although they themselves are real numbers.) For example,
suppose that by is the status quo of country i [0{1,2} . Then the area of the triangle
a10b; denotes the abatement cost of country i to achieve the goal (x; = 0) without
emissions trading. On the other hand, with emissions trading, the cost to buy x;(0) of
emissions permits from country 0 at the price p(0J) is equal to the area of the
rectangular p(0)0x{{ )e, and the domestic cost of country i to reduce (b; —x;(0)) of
emissions is equal to the area of the triangle ex;(0)b;. Therefore, the area of the
trapezoid p([00)0bie stands for the total abatement cost with emissions trading. The

difference between the abatement cost without emissions trading and that with
emissions trading is the surplus of each demander by emissions trading, which is equal

to the area of the triangle ayp(U)e.

Moreover, the area of the triangle fagp(0) denotes the surplus of the supplier
by emissions trading. For example, suppose that b is the status quo of country 0.
Then the area of the triangle 4700, stands for the abatement cost of country 0 to
achieve the goal (x; =0) without emissions trading. On the other hand, with emissions
trading, if country 0 reduces x1 (0} x,[ ) of emissions in addition to the assigned
amount, then she can sell x;(00) of emissions permits to each country i 0{1,2}. In

comparison to the case in which country 0 reduces emissions to the assigned amount
without emissions trading, the additional cost is equal to the area of the trapezoid

f(—[x1(OF x50 )])0ag. If country 0 sells x; (0% x,[ ) of emissions permits at the



price p(0), then the surplus of country 0 by emissions trading is equal to the area of
the triangle fagp(U) . Notice that the surplus of each country is independent of its

status quo.

We ask whether a demander has an incentive to choose a restraint on the
trading quantity of emissions permits. In an attempt to examine this question, we
consider the following two-stage game (see Figure 3). In the first stage, each country

i0{1,2} simultaneously chooses whether or not she chooses a quantity restraint. In the

second stage, the countries that decided to choose quantity restraints simultaneously
select their levels of quantity restraints, knowing the other countries' quantity restraint
decisions in the first stage. Then emissions trades occur: the quantities of all countries
and the price are determined so that the quantity demanded is equal to the quantity
supplied. In other words, we assume that the emissions trading market is
Competitive.

(I

Figure 3 is around here.
(I
We will derive the unique subgame perfect equilibrium of this game. We

begin by looking at the second-stage equilibrium for each possible first-stage outcome.

Let R 0{1,2} be the countries that decide to choose quantity restraints in the first stage.
Also, let x;(R) be the equilibrium quantity of country i [){1,2}, p(R) be the equilibrium
price, and 7;(R) be the equilibrium payoff (surplus) of country i [){1,2} when the

countries belonging in R choose quantity restraints. There are three cases to consider.

11 our two-stage model seems to be artificial, but we can clearly compare the results for all possible cases
of quantity restraint choices and can analyze the incentive problem on quantity restraints by using this
model.



Case 1: R = [ (the case of no quantity restraint)

As we see in the above, Figure 2 illustrates the equilibrium quantities and the
price for this case. We can compute them by solving the following simultaneous
equations: —xg =x7 +x, (the quantity demanded is equal to the quantity supplied),
p=ay—(ag/bo)xg, p=a1 —(a1 /b1)x1,and p =a; —(aq / by)xy (the price is equal to the

marginal abatement cost of each country). The equilibrium values are give by

— bObl(al Llo)
1) x D): X m— T ——
( ) 1( 2 ) lllbo +2t10b1

agay (by +2by)

, and
a1b0 + 2ﬂ0b1

) p(0

_ l aq 2 alb(z)bl(al_%)z
O mOF 0= S BORK ) 5 8t )™ o 50

It is straightforward to check that the equilibrium values are strictly positive under

Assumption (A2).

Case 2: R ={1,2} (the case in which both countries 1 and 2 choose quantity restraints)

Figure 2 illustrates the equilibrium values for Case 2. Suppose that each

country i [0{1,2} sets her quantity restraint level at x;({1,2}), and she buys that amount
of emissions permits from country 0. Then at the price p({1,2}), the total quantity

demanded is equal to the quantity supplied. The total amount of emissions permits

that country 0 sells at p({1,2}) is x1({1,2}) + x5 ({1,2}) . The marginal abatement cost of
country 0 is equal to p({1,2}) . The area of the trapezoid a;p({1,2})gh represents the

payoff of each country i 0{1,2}, 7;({1,2}).

10



We assume that each country i [0{1,2} selects its quantity restraint level in

order to maximize its own payoff, given the quantity restraint level of the other
country. We can compute the unique Nash equilibrium as follows. The payoff of

country i [0{1,2} is given by

7T = %(ﬂl —p +MAC;(x;) =p)xi,

where p =ay —(ag / by)x (the price is equal to the abatement cost of country 0),
—Xg =x1 +xp (the quantity demanded is equal to the quantity supplied), and
MAC;(x;) = a1 (a1 / by)x;.

By using these equations, we obtain

_glbo +2t10b1 x; - 2110 xj X; (1,] :1,2,’j ¢1)
bob1 bo

1
T =—|2(a1 -
i 2{ (LZ1 aO)

Given x;

j» €ach country i [){1,2} chooses x; so as to maximize 7; . The first order

condition is given by

or i albo + 2L10b1 ap .. .,
= - -~ 2 x. ——x: =0 ] = 1,2,’ Z1).

From these simultaneous equations, we obtain

(4) xl({lfz}) = x2({1,2}) :%,

_ ap{ay (b +2bq) +aghq]
5 1,2h =
() p({1,2}) 21bg + 3aghy

b

_ mbg +2agby (11 (11,2)% = boby (a1bg +2“051)(ﬂ12‘ a9)° _
ZbObl 2(511170 + 3u0b1)

() m({12}) = 75({1,2})

It is straightforward to check that the equilibrium values are strictly positive under

Assumption (A2).

11



Case 3: R ={i} (the case in which only one demander i chooses a quantity restraint)

Figure 2 illustrates the equilibrium values for Case 3. Suppose that country i

sets her quantity restraint level at x;({i}) , and she buys that amount of emissions
permits from country 0. Then at the price p({i}), the total quantity demanded is equal
to the quantity supplied. The amount of emissions permits that country j#i buys from
country 0 at p({i}) is x;({i}) . The total amount of emissions permits that country 0 sells
at p({i}) is x;({i}) +x;({i}) . Both the marginal abatement cost of country 0 and that of
country j are equal to the price p({i}) . The area of the trapezoid aqp({i})¢h represents
the payoff of country i, 7;({i}). The area of the triangle a,p({i})m represents the
equilibrium payoff of country j, 77;({i}).

We assume that country i selects her quantity restraint level in order to
maximize her own payoff. We can compute the unique optimal quantity restraint level

of country i as follows. The payoff of iis given by

TT; = %(ﬂl —p +MAC;(x;) —p)x;,

where p=ag —(ag /bg)xg , p=ay —(ay /by)xj, j# i (the price is equal to both the
abatement cost of country 0 and that of country j# i), —xg =xq +x, (the quantity

demanded is equal to the quantity supplied), and MAC;(x;)=aq —(aq /bq1)x;.

By using these equations, we obtain

SEL L {(a1 ~ag) —”—Oxl}, j#i,and

I agbg +aghy bo
7=y (ay - ag) - 020
2[a1bg +agbq] by

12



Country i chooses x; so as to maximize 7;;. The first order condition is given by

om; _ aq

_ 2[a1bg +3agh |
ox;  2[abg +apb]

by

|:2b0(t11—110)— X; =0.

From this equation, we have

Ay = bobi(aq —ag)
(7) x;i({i}) _W/

) bob1 (a1 —ap)(aqbg +2apb
(8) x]({z} -0 1( 1 0)( 1Y0 0 1),
(a1bg +3agby )(a1by +agby)

[b1(2a1bg +3agby) +bg(aby +2agb)]

1 = 4om
) p(ih) = (a1bg +3agby )(a1bg +agby)

7

_ a1 (aybp +3agby) (x((ih)? = a1b3b1 (a1 — a)*

= , d
2bq (a1bg +agbq) 2(a1bg +agby)(a1bg +3agby) n

(10) m;({i})

_ a1b3by (a1 —ag)* (azbg +2aghy)’
2(ayb +aghy)*(arbo +3agby)”

1) (1) = o =) ) =51 i,

It is straightforward to check that the equilibrium values are strictly positive under
Assumption (A2).

Let 77(R) = —%(P(R) ~9)Xo(R) =5 (p(R) —ag)[x1(R) +x,(R)] be the

N | =

equilibrium payoff of country 0. We have the following result on the total equilibrium

trading quantity, the equilibrium price, and the equilibrium payoff of country 0.

Theorem 1. For i=1,2, x (0} x(>) x1({#) x(#) ({12 x(1L2) 0,

p(y p(ily p(L2}p ag,and 7g(Uy 7p({ily 7o({12}p 0.

Proof of Theorem 1: By (1), (4), (7), and (8),

13



_ boby(aq —ag)[2a1by +3(2 —r)agh]
[a1bg +3agbq][a1bg +(2 —7)agb1]

x1(R) +x5(R) >0 forall RO{1,2}, where r=|R|. By

partially differentiating this with respect to 7, we obtain

51 (R) + xp(R)] _ 91507 (a1 ~ag)

7 <0,
or [a1bg + 3agby |[a1bg +(2 —7)agb ]

implying that x{ (O} xl(0>) x1({#) x({%) x1({L2) x({1,2}). It follows from this

relation that p(O% p({i}y p({L12}P ay and 7o(0> 7ro({i}r 7o({1,2}). W

Figure 2 illustrates the results of Theorem 1. As the number of demanders
choosing quantity restraints increases, the total trading quantity, the price, and the
profit of the supplier decrease.

Concerning the equilibrium payoffs of two demanders, we have the following

relations.

Theorem 2. For i,jO{1,2}, i# j, 7;({1,2})>7;({i}) >7;({j}) >7;(0).

Proof of Theorem 2: First of all, by (6) and (11), we have

_ agbobi (aybg +2agby ) (a1 —ag)*
2(aybg +aghy ) (ayby +3aghy )

7;({L2}) - 7 ;({i}) >0, 4,j0{1,2}, i#].

Second, by (10) and (11), we obtain

2 2.3 2
aga1bpby (a1 —ap)

2(aybg +aghy ) (agbg +3agh)?

i) -7 = >0, 4,j0{12}, i#].

Third, by (3) and (10), we have

12 Note that x;({i}) = x;({1,2}), that is, the quantity restraint level when only one country choose a restraint
is equal to that when two countries choose restraints in our simple linear model.

14



ni(iN-7i(0) = agabgb? (a1 —ag)* >0, j01,2).
2(a1bg +agby )(a1bg +3agby)(arbg +2apbq)

Figure 2 illustrates the results of Theorem 2. Since a + f <, the area of the
trapezoid aqp({1,2})gh is larger than the area of the triangle a;p({i})m, that s,

7({L2}) > 7 ;({1}) . Also, it is clear that the area of the triangle a1p({i})m is larger than
the area of the trapezoid ayp({i})(h, thatis, 7;({i})> 7;({i}) = 7 ;({}}) . Further, since

a <y, the area of the trapezoid ap({i})¢h is larger than the area of the triangle
mp(0)e, thatis, 7;({i})>7;(0), i O0{1,2}.

Table 1 is the payoff matrix for the first stage decisions on quantity restraints.
For each country, deciding to choose a quantity restraint in the first stage is a dominant
strategy, since the payoff with choosing a quantity restraint is larger than that without

it, regardless of whether the other country chooses a quantity restraint.

[
Table 1 is around here.
[

To sum up, at the unique subgame perfect equilibrium of the two-stage game,
each country decides to choose a quantity restraint at the first stage, she sets her
restraint level at that specified in (4) at the second stage, and then she buys that

amount of emissions permits from country 0.

Finally, we compare the total equilibrium surpluses.

Theorem 3. 2 71,({1,2) < 2., m (i) < 2, (D), i=12.

15



Proof of Theorem 3: By using (1), (2), (4), (5), (7), (8), and (9), we have

2agbobi (ag —ag)?
(a1bg +2agby)*

mOF S(7-) ao)Ae ) Bt )]

_ 2agbgb (a1 ~ ag)”
(azbg +3aghy)?

mo({1,2}) = %(P({LZ}) —ag)[x1({1,2}) +x2({1,2})] ,and

_ agbobi (a1 — a9)*(2a1bg +3aghy ) _
2(a1bg +agby)*(arbo +3aghy)”

mo({i}) = %(P({i}) —ag)[x1({1}) +x2({i})]

It is easy to obtain from (3), (6), (10), (11), and the above equations that

bob (a1 —ag)*

2
_o 7T, (0 ,
2£—0 Z( ): ﬂlbo +2£10b1

52ty < Wt * ety )
= (a1b0 +3u0b1 )2

_ boby(ay ‘00)2{0051 (2a1bg +3agby ) +aybol(ayby +agby )(arby +3agby) +arby +2”0b1)2]}

2 B
_nTTy(117) =
ZE—O (1) 2(a1bgy +agby )2 (a1by +3agby )2

By comparing these values, we have

agbobi (a1bg +agby ) (a1 —ag)*
2(aybg +agby)? (a1bg +3aghy)?

>0 and

52 oty - 3 2 7 ((1,2) =

a§a1bgbi (arbg +agby)(ag —ag)*

>0.nm
(aybg + 2agby)(agby +agby)? (azbg +3agby )

S om0y 37wt = .

Theorem 3 says that as the number of demanders choosing quantity restraints
increases, the total surplus, defined as the sum of the payoffs of all three countries,
decreases. Therefore, the equilibrium outcome in which two countries select quantity

restraints is not efficient.

16



3. The model with CDM and supplier’s quantity restraint.

In this section, we introduce the Clean Development Mechanism (CDM) and
supplier’s quantity restraint. There are three countries, indexed by 0, 1, and 2. As
before, country 0 is a supplier and countries 1 and 2 are demanders in the emissions
trading market. The MAC curves of countries 1 and 2 are the same and they are given
by MAC;(x;)=a; —(a1 /by)x;, i=1,2. The MAC curve of country 0 is given by
(12) MACy(x) =ag —(a0 /bo)xo -

We assume that country 0 puts a quantity restraint level on the emission trading,

although the restraint level is given exogenously and county 0 has no choice, as stated
in the EU proposal. Denote the quantity restraint level of country 0 by xg . The MAC
curve of CDM is given by

(13) MACG™™ (x0) = a9 = (ag / do)xo

for xy <0. Since it is uncertain which is cheaper between the marginal abatement cost
of the cheapest CDM project and the minimum marginal abatement cost in Annex B
parties, we use the common intercept g, in (13) and in the supplier’'s MAC curve in

(12). Figure 4 illustrates these MAC curves.

(I
Figure 4 is around here.
(I

We assume
(A3) a1 >ay >0, b; >0, and dy >by >0.
(A3) means that the MAC curve of country 0 is below the MAC curves of countries 1

and 2 around x; =0, while it is always above the MAC curve of CDM. By (12) and (13),
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the constrained aggregate MAC curve of country 0 is given by

ay —[ag / (by +dp)]x if —(by +dg)x& /by <xg <0
(14)AMACO(x0)={O [o/lgo 0)]xo : (bo o)o/lg 0
ag(do —xp) /do —(ag /do)xg if xg <—by +do)xp /bo

provided that x; <0.

Consider the same two-stage game on quantity restraints as that examined in
the previous section. As before, we begin by examining the second-stage equilibrium
for each possible first-stage outcome. The equilibrium quantities, price, and payoffs
are given in Tables 2, 3, and 4. See the appendix for the derivations of the equilibrium

values. It is easy to check that the equilibrium values are strictly positive under

Assumption (A3).
([T 0ooo
Tables 2, 3, and 4 are around here.
(I 0ooo

The equilibrium quantities change, depending crucially on the quantity
restraint level of country 0, xg . Fix the values of the parameters 4 a1,bg,b1, and d .
We will see that the point (-x1 —x5,p), indicating the pair of the total equilibrium
quantity and the equilibrium price, lies on the first segment of the constrained
aggregate MAC curve for a sufficiently large value of xg , while it lies on the second
segment of the curve for a sufficiently small value of xg . First, for the case in which
neither country 1 nor 2 chooses a quantity restraint, the crucial value of xg is A(O)

(see the second column in Table 2). If xg is larger than A(U), then the equilibrium

quantities, x1(0) and x,(0), are constant and the total equilibrium quantity,

x1(0F xod ), isless than (by +dy )x(lf / by in which the constrained aggregate MAC
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curve is kinked. As Figure 5-1 illustrates, the point (—x;(0) x5 )3( )) lies on the
first segment of the curve. Also, if xg = A(0O), then x1(Or xl0=) (& do)xg / by
and the point (—x(0y x[d )[{#( )) coincides with the kink point of the curve.
Moreover, if x(lf <A(0), then x1(00) and xp(0) decrease as the value of xg decreases,

and x1(0F xl0>) (& do)x(lf /by . The point (—x1(0¥y x[0 )[A( )) lies on the

second segment of the curve, as Figures 5-2, 5-3, 5-4, 5-5, and 5-6 illustrate.

(I 0000
Figure 5-a and 5-b are around here.
(I 0000

Second, for the case in which only one country i chooses a quantity restraint,

there are two crucial values of xg , A({i}) and B({i}) (see the third and fourth columns

in Table 2). If xg > A({i}) , then the equilibrium quantities, x;({i}) and x;({i}), are

constant and x;({i}) +x;({i}) <(bo +d0)x§ / by - The point (—x;({i}) —x;({i}),p({i})) lies on

the first segment of the constrained aggregate MAC curve, as Figures 5-1 and 5-2
illustrate. Also, if B({i}) < xg < A({i}) , then the equilibrium quantity of country 7, x;({i})
(country j, x;({i})) decreases (increases) as the value of xg decreases and

x;({1}) +x;({i}) = (bo +d0)x§ / bo- The point (—x;({i}) —x;({i}),p({i})) coincides with the
kink point of the curve, as Figure 5-3 illustrates. Notice that this corner solution case
always happens for any value of x(If O[B({i}), A({i})] . Moreover, if B({i}) > x(lf, then both

x;({i}) and x;({i}) decrease as the value of xg decreases, and

x;({1}) +x;({i}) > (bo +d0)x§ / by . The point (—x;({i}) —x;({i}),p({i})) lies on the second
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segment of the curve, as Figures 5-4, 5-5, and 5-6 illustrate.

Finally, for the case in which both countries 1 and 2 choose quantity restraints,
there are two crucial values of xg , A({1,2}) and B({1,2}) (see the fifth column in Table
2). If xg > A({1,2}), then the equilibrium quantities, x1({1,2}) and x,({1,2}), are
constant and (b; + do)xg /by >x1({1,2}) +x2({1,2}) . The point
(—x1({1,2}) —x2({1,2}),p({1,2})) lies on the first segment of the constrained aggregate
MAC curve, as Figures 5-1, 5-2, 5-3, and 5-4 illustrate. Also, if B({1,2}) < x(If <A({1,2}),
then x;({1,2}) and x;,({1,2}) decrease as the value of xg decreases and
11 (11,21) +x2({1,2)) = (b +do)xg /by The point (=x({1,2}) =x2({1,2),p({1,2})
coincides with the kink point of the curve, as Figure 5-5 illustrates. Notice again that
this corner solution case always happens for any value of xg O[B({1,2}), A({1,2})].
Moreover, if B({1,2})> xg, then x7({1,2}) and x;,({1,2}) decrease as the value of xg
decreases and x1({1,2}) + x> ({1,2}) > (by +d0)x§ / by . The point
(—x1({1,2}) = x5 ({1,2}),p({1,2})) lies on the second segment of the curve, as Figure 5-6

illustrates.
The results of Theorem 1 concerning the total equilibrium quantity, the
equilibrium price, and the profit of country 0 remain to be true, as the following

theorem shows.

Theorem 4. For i=12, x;(0F 0> x(#) w(#) x({12) {12 o,

p(B¥ pdily p({L2}p ag,and 7ig(Oy 7oy 7o({L2}p 0.
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The proof of Theorem 4 is given in the appendix. Theorem 4 says that as the
number of demanders choosing quantity restraints increases, the total trading quantity,
the price, and the profit of the supplier decrease. Figures 5-a and 5-b illustrate the

results of Theorem 4. There are six cases to consider, depending on the quantity

restraint level of country 0, xg .

Case 1: A(Of xg (see Figure 5-1).
In this case, (b +do)xd /bo 21 (0¥ %0>) x(#) x;(# w12 x(12). That

is, if the quantity restraint level of country 0 (the supplier) is large enough, then for

every configuration of the quantity restraint choices of two countries 1 and 2, the total
equilibrium quantity is less than (b +4d )xg / by in which the constrained aggregate
MAC curve is kinked. Each of the three points (—x1(0) x[0 ),H( )),

(=x;({1}) —x;({ih), pi})) , and (—x1({1,2}) —x2({1,2}), p({1,2})) lies on the first segment of

the curve. The same analysis as that in the previous section applies to this case.

Case 2: A({i}) < xg <A(0O) (see Figure 5-2).
In this case, x1 (0} x0>) (B do)xg /by x(#) x(H ({12 x({12)), thatis,
only the total equilibrium quantity when neither country 1 nor 2 chooses a restraint is

larger than (by +d| )xg / bp in which the constrained aggregate MAC curve is kinked,
while the other two total equilibrium quantities are less than it. The point

(=x1 (0¥ x50 )MA( )) lies on the second segment of the curve, while both the point

(=x;({1}) —x;({i}), p({i})) and the point (-x1({1,2}) —x2({1,2}),p({1,2})) remain to lie on the
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first segment of the curve.

Case 3: B({i}) < xg < A({1}) (see Figure 5-3).

In this case, x(0F x0>) (B do)x§ /B x({#) () (L2 x({1,2}). The

point (—x1(0) x[d )/A( )) lies on the second segment of the curve, the point
(=x;({1}) —x;({i}), p({i})) is equal to the kink point, and the point

(—x1({1,2}) —x2({1,2}),p({1,2})) lies on the first segment.

Case4: A({1,2}) < xg < B({i}) (see Figure 5-4).
In this case, x;(0F x0>) x({#) x;(#) (B do)xb /by x(1.2) x({12}). Both
the point (—x1(0) x{ )JA( )) and the point (—x;({i}) —x;({i}), p({1})) lie on the second

segment of the curve, while the point (—x;({1,2}) —x>({1,2}),p({1,2})) lies on the first

segment.

Case 5: B({1,2}) < x§ < A({1,2}) (see Figure 5-5).
Inthis case, x(0F 0> x(#) x(8) B do)yf /B x({12D) x({1.2). Both
the point (—x1(0y x0 )[A( )) and the point (-x;({i}) —x;({i}), p({i})) lie on the second

segment of the curve, while the point (-x1({1,2}) —x»({1,2}),p({1,2})) is equal to the kink

point of the curve.

Case 6: xg < B({1,2}) (see Figure 5-6).
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In this case, x1(0F x0>) x({#) x;(#) x({12) (L2 (F dox§ /bo-In

other word, if xg is small enough, all three points (-x1 (0% x[0 )jB( )),
(=x;({1}) —xj({i}),p({i})) ,and (-x1({1,2}) —x»({1,2}),p({1,2})) lie on the second segment of

the curve.
Next we compare the equilibrium payoffs.

Theorem 5.

a) Case1: A({i}) < x(If . In this case, ﬁ]-({l,Z}) > ﬁj({i}), i, jO0{12}, i#j.

Case 2: B({1,2})< x(l)z < A({i}). In this case, ﬂj({1,2})§ m({iy), 1,j0{1,2}, i# j, if and only if

15)  [pdlih) - p(i1,2)] 3L 2) 2 MAC; (x;(1,2)) - peta)] i i) - x;11,2)] / 2.
Case 3: xo <B({1,2}). In this case, T ({1 2)>r ({z}) i,j0{12}, i#].
b) In all cases, 7.;({i})> 7 ;({j}) >7;(0), ,jO{1,2}, i#j.

The proof of Theorem 5 is given in the appendix.

Remark: Condition (15) for Case 2 in Theorem 5 can be rewritten in terms of the

parameters ay,aq,by,bq,dy and x(l)2 as follows:

Case 2-(i): B({i}) < x(If < A({i}). In this case, 7'9-({1,2})% m({i}), i,jO{1,2}, i#j,if and
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, > 2
only if aybg (bg +do)lay (by +do) +2agby 1Z[a1 (b +do) +3¢10b1]2[b0 —agx( /(1 ‘ﬂo)] :

Case 2-(ii): A({1,2})< x(l)2 <B({i}). In this case, 7T]-({1,2})§ m((ih), 1,j0{1,2}, i#j,
if and only if
(bo *+do)(axdg +agby)” (ayd +3agby)*[ay (by +do) +2agby]

> 2
Zay(aydg +2aqby) [y (b +dp) +3“051]2[d0 +agx( / (@ ‘ﬂo)] :

Case 2-(iii): B({1,2}) < x(lf < A({1,2}) . In this case, 7'9-({1,2})% m({iy), 1,7 0{L2}, i# ],
if and only if

(bo *+do)(axdg +agby ) (ardg +3aghy)”x( {417051 (ar —ag) =x{'[a1(bo +do) +4ﬂ0b1]}

>
= 4aqbgb7 (ardg +2agbr )*[do (a1 —ag) +agxp 1>

According to Theorem 5, 7:;({1,2})> 7 ;({i}) and 7 ({j})> 7 (D), i,j 0{1,2},

i# j if either A({i}) < x(lf or xg <B({1,2}) . In other words, deciding to choose a quantity
restraint in the first stage is a dominant strategy for each country if the point

(—x1({1,2}) =x»({1,2}), p({1,2})) and the point (—x;({i}) —x]-({i}),p({i})) lie on the same
segment of the constrained MAC curve of country 0 (see Figures 5-1, 5-2, and 5-6).
Figure 4 illustrates this result when A({i}) < x(l)z <A(0).Since a + [ <, the area of the
trapezoid a1p({1,2})gh is larger than the area of the triangle a;p({i})m, that s,

7;({L,2})> 7. ;({1}) . Moreover, since a <y, the area of the trapezoid ayp({i})(h is larger

than the area of the triangle ap({i})e, thatis, 7;({i})>7;(0).
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However, ﬁj({1,2}) could be smaller than ﬁj({i}) if B({1,2})< x(l)2 <A({i}).
Figure 6 illustrates why this could happen, where i =2 and j=1. Let us consider two
different values a; and a; with a; > a,. Since the equilibrium quantities, prices, and
payoffs, x1((1,2)), p({L2}), 71({1,2}), x1(12}), p({2}), and 71({2}), change depending
on a1, we denote x1({1,2}) when a1 =a; by x1({1,2}), x;({1,2}) when a; =a; by
x1({1,2}), and so on. In Figure 6, we assume that in both the case of a1 =4, and the
case of a =aq, the inequalities B({2}) < x(lf < A({2}) hold, that is, the point
(—x1({1,2}) —x2({1,2}), p({1,2})) lies on the first segment of the constrained aggregate
MAC curve of country 0, whereas the point (—x1({2}) —x»({2}), p({2})) is equal to the
kink point of the curve. In particular, notice that p({2}) = p({2}) . Namely, even when
the value of a; rises from g, to @y, the equilibrium price in which only country 2
chooses a quantity restraint does not change, since the total equilibrium quantity
remains to be equal to (by + do)x(lf / by at which the constrained aggregate MAC curve

of country 0 is kinked.

Figure 6 shows that as the value of a; increases, 711({2}) becomes larger than
711({1,2}) when the equilibrium price p({2}) is constant. When a; = a,, the area of the
trapezoid a,p({1,2})gh is larger than the area of the triangle a;p({2})m since

c+6>a+[,thatis, 71({1,2})>7,({2}) since the left-hand side of Inequality (15) in

Theorem 5, [p({2}) - p({1,2})] &1 ({1,2}), is larger than the right-hand side of (15),

13 Also, note that x,({2}) # x;({1,2}), that is, the quantity restraint level when only one country choose a
restraint is different from that when two countries choose restraints, in contrast to the case without CDM
or supplier’s quantity restraint. This is because the point (—x1({2}) —x2({2}), p({2})) is equal to the kink

25



[MAC1 (x,({1,2)) - E({Z})] e, (12}) - 21 ({1,2})] / 2. On the other hand, when ay =, the
area of the trapezoid @;p({1,2})gh is smaller than the area of the triangle a;p({2})m
since ¢ +A <a +y, thatis, 71({1,2}) <711({2}) since the left-hand side of (15) in Theorem
5, [p({2}) - p({1,2})] F1({1,2}), is smaller than the right-hand side of (15),

[MACl (x1({1,2}) - ﬁ({Z})] (e ({2)) = %1 ({1,2})] / 2. When the value of a; rises from a;
to a1, the difference [p({Z}) - p({1,2})] decreases, whereas the difference
[MACl(xl({l,Z})) —p({2})] increases. Moreover, the increase in x7({1,2}) is smaller than

that in [x1({2}) = x1({1,2})]. Accordingly, the relation between the right-hand side and
the left-hand side of (15) becomes reversed, and so does the relation between 7.1({1,2})

and 71({2}) when the value of a; changes from a; to a;.

(I
Figure 6 is around here.
(I

Next we give numerical examples to show that in the case of

B({1,2}) < xg < A({i}), 7;({1,2}) may or may not be larger than 7.({i}), depending on

the values of ay,aq,by,b1,dy, and x(lf .

Example 1: Let ay =40, a1 =100, by =40, by =60, and dy =50. In this case, for all
xg >0, ﬁj({1,2}) > ﬁ]-({i}). Figure 7 illustrates this fact, wherei=2,j=1, A(O¥ 20.87,

A({1})=19.65, B({2}) =19.13, A({1,2})=17.78, and B({1,2}) =15.89. Again, for each

country, deciding to choose a quantity restraint in the first stage is a dominant strategy,

point of the constrained aggregate MAC curve of country 0, whereas the point
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since 7;({1,2))>7;({i}) and 7;((j})>7 (D), i,j0{1,2}, i#].

(I
Figure 7 is around here.
(I

Example 2: Let a; =10000 and the values of the other parameters be the same as those in

Example1,i.e., ag =40, by =40, by =60, and dy =50. Then 7.;({12}) is smaller than
7i ]-({i}) for some values of x(l)2 , although 7. j({1,2}) is larger than 7. j({i}) for most values

of x(lf . Figure 8 illustrates this fact, wherei=2,j=1, A(O¥ 52.838, A({1})=52.768,

B({2}) =52.713, A({1,2}) =52.698, and B({1,2}) =52.587 . 1f52.692 <x{ <52.733, then
71({1,2}) < 71({2}) ; otherwise 71({1,2}) = 711 ({2}) . Table 5 is the payoff matrix for the
first stage decisions on quantity restraints in the former case. The game in Table 5 is a
version of the well-known Hawk-Dove game, sometimes referred to as “chicken.”

There are two Nash equilibria of this game: one country chooses a quantity restraint,

while the other does not, since ﬁ]-({l,Z}) < ﬁj({i}) and ﬁj({j}) > ﬁj(D), i,j0{1,2}, i#].

In any case, at least one country chooses a quantity restraint at equilibrium,

since 7:({;}) is always larger than 7;(1), jU{1,2}.

(I 00000
Figure 8 and Table 5 are around here.
(I 00000

4. Concluding Remarks
It is obvious that the real aims of the EU proposal are to promote domestic

reductions of GHG emissions, to stimulate technological investments, to control hot air

(=x1({1,2}) —x2({1,2}),p({1,2})) lies on the first segment of the curve.
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and to commit ambitious goals in the following commitment periods. Nevertheless, the
EU proposal has strategic economic consequences that demanders gain and suppliers
lose whether EU's policy makers intend them or not.

In the sulfur allowance program conducted by the Environmental Protection
Agency (EPA) in the US, the permits have been traded over the counter as well as in an
auction market. Cason and Plott (1996) pointed out that the trading rule of the auction
designed by EPA has serious flaws by an experimental method. We are sure that the
designers of the auction did not have ill will. However, researchers and policy makers
must bear in mind that a mistake without malice is really a mistake.

There have been various proposals on the design of institutions at the
Conferences of Parties to the Climate Convention. We now know that only common
sense and experience are not enough to design new institutions. Various approaches

such as theory and experiment in economics would be of importance.
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Appendix

1. The derivations of equilibrium values with CDM and supplier’s quantity
restraint.

There are eight cases to consider.
Case 1: R = [ (the case in which neither country 1 nor 2 chooses a quantity restraint)
Case 1-1: —(bg +d0)x§ /by <xq or xg 2 A(0).
Suppose that ~(bg +dg)x( /by <xo. Then p =ag ~[ag / (by +do)lxo, p=a1 =(ay / by)x;,
i0{1,2}, and —xg =x1 +x, . By solving these equations, or simply by replacing b, with
by +dy in (1)-(3), we obtain the equilibrium values when xg 2 A(0) in Tables 2-4. Note

that
xo(OF (b do)xs /b - x0-) B¢k ) by do)xs /bo

(bo +do){[ﬂ1(bo +dg) +2agby Ix( ~2boby (a1 ‘ao)]}
bola (bo +do) +2agb1]

4

which is non-negative if and only if xg > A(0).

Case 1-2: —(bg +d0)x§ /by >xq or xg <A((O).

_.R
M—a—oxo, p=ay; —(ay /by)x;,

Suppose that —(b; +4d| )x(lf /by >xg. Then p = 7 y
0 0

i0{1,2}, and —xg =x1 +x, . By solving these equations, or simply replacing a; with

ag(d = x{) ag

B — and ay /by with o in (1)-(3), we obtain the equilibrium values when
0 0

xg <A(0) in Tables 2-4. Notice that
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x(OF (b do)xs /b - x0-) 2Btk ) by do)xs /by

_ do{[ay (bo +do) +2agby x§ —2bgbq (a1 —ap)}
bolaidgy +2agbq ]

4

which is negative if and only if xg <A((O).

Case 2: R ={1,2} (the case in which every demander chooses a quantity restraint)
Case 2-1: —(by +d)x& /by <xo({1,2}) or x§ > A({1,2}).

Suppose that —(by +d0)x§ /by <xg. Then

7 = 2oy =p +MACi(x;) ~p)x;, 10{1,2),

where p =ag —[ag / (by +dp)lxg, —xo =x1 +x2, and MAC;(x;) =aq —(ay / by)x;.

That is,
1 aq1(bg +dy) +2apb 2a .
71 =2 2(ay —ag) -0+ do) *2agby 260 % [, .
2 bl(bO +d0) bo +d0

Given x;, each country i is assumed to choose x; so as to maximize its own payoff.

The first order condition is given by

i _ ay(bg +dp) +2agbq ag
Y =(aq —ap) — b ;=
; 1(bo +dp) bg +dy

x;=0,1,j0{L2}L,# j.
From these equations, or simply by replacing by with by +d; in (4)-(6), we obtain the
equilibrium values when x(If > A({1,2}) in Tables 2-4. Notice that

xo({1,2)) + (Bg +do)xty /by = 21 ({1,2}) +x2(11,2)] +(bg +do)x§ / bo

_ (bo +do){lar (b +do) +3aghy 1x§ ~2bgbs (a1 ~ap)}
bolay (bo +dg) +3agby ]

7

which is positive if and only if xg > A({1,2}).
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Case 2-2: —(by +dg)x& /by =x0({1,2}) or B{1,2}) < x§ < A({1,2}).

Suppose that —(by +d0)x§ /by =xy. We show that if B({1,2}) < xg < A({1,2}), then the

following strategy profile is a Nash equilibrium:

R

B,y =X0b0tdo) g 5y

2by
B x§ (bo +dp)
Pickany 1 0{1,2} . Let x; =x;({1,2}) :T' j#i. Then
0

1] a (b +dpy) +2apb a )

7Ti(xi):§_2(ﬂ1 —ag) = 1 gl(booi do) 0Ly, ‘ixﬂxi if x; < xP((1,2))

I 2ag R _mdy +2agby _ag(bg +dp) R

=—|2(ag —ag) + g 0 bydy i bod X0 }xi if x;>xP({1,2})

First of all, we prove that for any x; such that 0<x; < xZB ({12}, % >0, implying
X

that 7:(xP({1,2))) > 77(x;). If 0<x; <xP({1,2}), then

drm;(x;) _ 2boby (bo +do) (@ —ag) =aghy (b +do)x§ —2bglay (by +do) +2agby Ix;
dxi 2b0bl(b0 + do) '

Since

2 (1B
dL(le) <0 forany x; 20, it is sufficient to prove that am(x; ({1,21) 20.In
x .

dx; dx;

dm(xf ({1,2))) _ 2boby (a3 —ag) =t [a1 (b +dp) +3agh; ]
dxi 2b0b1

fact,

4

which is non-negative since xg <A({1,2}).

Next we prove that for any x; such that x; > xlB ({1,2}), w <0, implying

1

that 7, (xP({1,2})) > 77(x;). If x; 2xB({1,2}), then
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dr(x;) _ 2bobyd(a; — ag) +2aghobyx —aghy (b +do)xg —2bg[ardy +2aghy Ix;
dxi Zb()bld() ’

dm(xP (11,2})

d>(x;)
.2 dxi

dx

Since <0 forany x; 20, it is sufficient to prove that <0.In

1

dm(xf ({1,2))) _ 2bobydo(ay —ag) =xp {dolay (by +do) +3aghy ] +aghob }
dxi ZbObldO ’

fact,
which is non-positive since xg > B({1,2}).

Therefore, we conclude that 7Tl-(xlB ({1,2})) > 7%(x;) for any x; # xZB ({1,2}), and

the strategy profile (xf ({1,2}),x53 ({1,2})) is a Nash equilibrium. By using this
equilibrium quantities, it is easy to get the equilibrium price and payoffs when

B({1,2}) < x& < A({1,2}) in Tables 3 and 4.

Case 2-3: —(bg +d0)x§ /by >xq or xg <B({1,2}).
Suppose that —(by +d0)x§ /by >xp. Then

1 .
M = E(al -p +MACZ~(XZ~) _p)xil 1 D{1,2},

where p=ag(dy ~x() /do ~(ag / do)x, ~Xo =x1 +x5,and MAC;(x;) =ay ~(ay /by)x; .
By simply replacing ag with ag(dy - xg) /do and ag /by with ay /dj in (4)-(6), we
obtain the equilibrium values xg < B({1,2}) in Tables 2-4. Notice that

xo({1,2) + (B +do)xg /by = =x1({1,2) ~x2({1,2}) +(bg +do)xg /b

_ —2bgbydy(ay —ag) +x§ {dgla (by +do) +3aghy] +aghobs}
bolaydg +3agb1 |

4

which is negative if and only if xg <B({1,2}).
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Case 3: R ={i} (the case in which only one demander i chooses a quantity restraint)
Case 3-1: —(by +dg)xX /by <xg or x& > A({i}).

Suppose that —(by +d0)x5 /by <xg.Then

7 = a1 =p +MACi(x:) P,

where p=ay —(ay /by)xj, j#i, p=ag—lag /(by +dg)lxg, —xXg =x1 +x;,and
MAC;(x;) =aq —(a1 / b1)x; . By replacing by with by +dj in (7)-(11), we obtain the
equilibrium values when xg > A({i}) in Tables 2-4. Notice that

xo({i}) + (bo +do)xt /by = x;({i}) +x;({i)] +(By +do)x /b

(bg +do)[a1 (by +dg) +3agby [ay (by +dg) +agbi 1[x§ —A({i})]
bolay (bg +dg) +3agby[[a1(by +dp) +agbq]

4

which is positive if and only if xg >A({d}).

Case 3-2: ~(by +dy)xX /by =xp or B({i}) < x& < A({i}).
Suppose that —(by +do)x& /by =xo. We show that if B({i}) < xX < A({i}), then the

following strategy is the best choice for i:

B = [y (bg +dg) +aghy 1 —boby (a1 —ap)
X; ({1}) = .
apbg

The payoff of i is provided by

!
2[a1(bg +dp) +agby ]

a1<bo+do>+3aob1x1x. if x; < B}
i ="

7Ti(xi): bl i

[Z(bo +do)(ay —ag) =

il

_ aldo +3a0b1 .
2(aydy +agby)

{Z[do(fh - ag) +agxp ] - b z}xi if x; >xP ({i}).
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First of all, we prove that for any x; such that 0 <x; < xlB (), w >0, implying
x .

1

that 7, (x2({i})) > 7m(x;) . If 0<x; <xP({i}), then

dr;(x;) 1 a1(bg +dp) +3aghy
= by +d —ag) - |-
dxj  [m(bo +do)+aghi ] (o do)lin =10) by E
2 (. (Bl
Since dL(le) <0 forany x; 20, it is sufficient to prove that M 20. In fact,
X; X;

dm(xf (i) _ [bobl(fﬁ ~ag)[2ay (by +do) +3agby ] ~[a1(by +do) +agby a1 (by +dg) +3aghy Jxf ]

dx; bob1[a1(bo +dg) +agby ]

which is non-negative since xg < A(ld}).

4

Next we prove that for any x; such that x; > xlB ({1}, a7(x;) <0, implying

1

that 7;(xP ({i})) > 7(x;) . If x; 2 xP({i}), then

d]Zli(Xi) =M ey - ag) +agef - 19070
Xi  adg +agh by
277 (x: (xB(ti
Since a ;Tl(le) <0 forany x; 20, it is sufficient to prove that M <0.In fact,
X; X;

d(xP ({}) _ boby (a1 — ag)[2ady +3aghy | ~{[ay (b +do) +3agby (aydy +aghy) +apmboby }
dx; boby (a1dg +agby)

7

which is non-positive since xg > B({i}).
Therefore, we conclude that 7'[,-(xZB ({i})) > 7 (x;) for any x; # xlB ({i}) , and
xlB ({i}) is the best choice for i. By using this equilibrium quantity, it is easy to obtain the

equilibrium quantity of j# i, price, and payoffs when B({i}) < xg < A({i}) in Tables 2-4.

Case 3-3: —(bg +d0)x§ /by >xq or xg <B({i}).
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Suppose that —(b, +d0)x§ /by >xq. Then
1
7 =~ (a1 —p + MAC;(x;) =p)x;,
where p=a; —(ay /by)x;, j#i, p=ag(dy —x{)/do —(ag / dg)xg, —xg =x; +x,, and
MAC;(x;) =aq —(aq / b1)x; . By simply replacing ay with ay(dg - xg) /dy and ag /by

with ay /dy in (7)-(11), we obtain the equilibrium values when xg < B({i}) in Tables 2-

4. Note that
xo({}) +(by +do)xty /by = Lx;({i) +x;({i)] +(by +do)x§ / by

_ do{[ay (b +do) +3agby 1(azdg +aghy) +agarbobs g ~B({i})]
bo(a1dg + 3agby ) (ardg +agbq)

4

which is negative if and only if xg <B({i}).

2. Proof of Theorem 4.

We will show that x1(OF xJ(0>) x({#) x({#) x{L2%) x({12y) 0. It

follows from this relation that p(O¥ p({i}» p({1,2}> ay,and

Tio(O¥ 7mo({i}P 79({1,2}p 0. There are six cases to consider.

Case 1: A(O¥f x(If . By using the same idea as that of the proof of Theorem 1, it is easy

to prove that (by +do)x /by 2 2 (0F x0>) x((#) x;(#) ({12 {12 0.

Case 2: A({i}) < xg <A(0). By using the same idea as that of the proof of Theorem 1, it

is easy to check that (b + do)xg /by >x;({i}) +x;({1}) > 21 ({1,2}) + x2({1,2}) >0.
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Moreover, x1(0% x(>) (b do)xg / by . Therefore, we have the desired result.

Case 3: B({i}) < xg < A({i}). Inthis case, x1 (0% x(>) (&y do)xg /by,
(bo +do)xt /by =x;({}) +x;({i}), and (by +do)x§ /by >x1({1,2}) +x5({1,2}) >0 . From

these inequalities, we have the desired result.

Case4: A({1,2}) < xg < B({i}) . By using the same idea as that of the proof of Theorem 1,
it is easy to check that xq (0} xo0>)  x;({i}) +x;({i}) > (bo + do)xg / by . Moreover,

(bo + do)xg /by >x1({1,2}) +x5({1,2}) >0. Therefore, we have the desired result.

Case 5: B({1,2}) < xg < A({1,2}). By using the same idea as that of the proof of Theorem
1, it is easy to check that x1 (0} x0>) = x;({i}) +x;({i}) > (bo + do)x(lf / by . Moreover,

(bo + do)xg /by =x1({1,2}) +x,({1,2}) >0. Therefore, we have the desired result.

Case 6: xg < B({1,2}) . By using the same idea as that of the proof of Theorem 1, it is

easy to prove that xy(0F x0>) x;({#) x;({#) x(1L2) x({12}) >(bo +do)xg /bo-

3. Proof of Theorem 5.

First of all, we will prove the result for the relation between 7. j({1,2}) and 7. j({i}) ,

i,j0{1,2}, i # j. There are four cases to consider.
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Case 1: A({i}) < x(l)z . By using the same idea as that of the proof of Theorem 2, it is easy

to prove that 7;({1,2}) > 7:;({i}).

Case 2: B({1,2}) < x(l){ < A({i}) . By using the relation that

[MAC;(x;({1,21) ~ (D] & ((1,2}) =[ a1 = MAC;(x;({1,20)] e (i) —x;({1,2))],
it is easy to obtain that

7;({1,2h) - 7 5({i})

=[p((i}) - p(1,2)] &;(11,2}) <[ MAC; (x;({1,21) =p(iih)] fie; (i) —x;({1,.21)] / 2.

The desired result immediately follows from the above equation.

Case 3: xg <B({1,2}). By using the same idea as that of the proof of Theorem 2, it is

easy to prove that ﬁj({1,2}) > ﬁ]-({i}).

Next we will prove that 7;({i}) > 7;(00), i O0{1,2} . For the case in which neither

1 nor 2 chooses a quantity restraint, we denote the equilibrium payoff of i when

x§ = A(D) by 7,;(0) and that when x§ < A(0) by 7;(0). That s,

t

arby (bo +dp)2(ay —ag)?
(0% 1b1(bg +dp)” (a1 —ag)

5 and
- 2[aq(by +dg) +2apbq]

a1by[dg(aq —ag) +agxg 1>
2aydg +2agb1 I

T (OF (see Table 4).

Moreover, for the case in which only i chooses a quantity restraint, we denote the
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equilibrium payoff of i when xg > A({i}) by 7;({i}), that when B({i}) < xg < A({i}) by

P ({i}), and that when xX <B({i}) by 7,({i}). That s,

- aybn (bo +do)* (a1 ~a0)*
- 2[ay (bo +do) +agby1[ay (by +do) +3agbq]

B = {x¢ a1 (bg +dg) +aghy ] —boby (a1 —ag)}{3boby (a1 —ag) —x¥[ay(by +dg) +3aghy ]}
(i) = 2,02,

7

a1by (aydg + 3aghy)[dg (a1 —ag) +agx§ |2

2(aydg +aghy )(aydy +3agh )

7;({ih) = (see Table 4).

There are four cases to consider.

7;({1}) . By using the same

.t

Case 1: A(O¥ xg.ln this case, 7;(UF 70 ) and 7;({i}) =

idea as that of the proof of Theorem 2, it is easy to prove that 7;({i}) > 7,;(UJ) .

Case 2: A({i}) < xg <A(D).In this case, 7;(UF¥ 7/ ) and 7;({i}) = 7;({i}) . Notice that

57 orn;({i _
L(RD) >0 and # =0. Therefore, it is sufficient to show that 7;({i}) >7;(0) if
ox( ox( -

xg =A(0). Let xg =A(U).Then 7,;(0F 7{0 ). Moreover, by the above result for the

Case 1, 7;({i}) > 7;(U) . Thus we have the desired result.

Case 3: xg <B({i}). In this case, 7;(0F 7{0 )and 7;({i}) =7;({i}) . By using the same

idea as that of the proof of Theorem 2, it is easy to prove that 7;({i}) > 7;(0) .

Case 4: B({i}) < x§ < A({i}). In this case, 7;(0F 70 ) and 7,({i}) = 7 ({i}). Notice that
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oy

% >0 if xX < A(D). Moreover, 72({i}) = 7z ({i}) > 77(D) if
0
xy = A({i}) and 7' ({i}) = T({i}) > 7(0) if x¢ = B({i}). These imply that 727 ({i}) > 75(0)

if B{i})<x§ < Ad{i}).

Finally, we will prove that 7 ;({i}) > 7 ;({j}), 1,7 U{12}, i # j. Without loss of
generality, let i =2 and j = 1. For the case in which only 2 chooses a quantity restraint,

but 1 not, we denote the equilibrium payoff of 1 when x(lf > A({2}) by 7i1({2}), that

when B({2}) < x§ < A({2}) by 75 ({2}), and that when x{ <B({2}) by 7i1({2}). That is,

7, ((2)) = 2121Go +dg)?(ay —ag)*[ay (by +dg) +2aghy I
- 2[ay (b +dg) +3agh1 1*[a1(by +dg) +aoby 12

by[bo(ay —ag) —agx& ]2
77113({2})5 1[ O( 1 0)2 0 0] ,and
2!11170
_ ayby (aydy +2agby)*[do (a1 ~ag) +agxg |

5 > (see Table 4).
2(aqdg +agby)”(a1dg +3agby)

71({2)

There are three cases to consider.

Case 1: A({2}) < x(lf - In this case, 71({2}) =71 ({2}) and 71 ({1}) = 711 ({1}) . By using the

same idea as that of the proof of Theorem 2, it is easy to prove that 7 ({2}) > 7 ({1}) .

Case 2: B({2)) < xX < A({2}). In this case, 75 ({2})) = 72 ({2}) and 77 ({1}) = 7 ({1}). Notice

that % <0 and % > (. Therefore, it is sufficient to show that
0 0
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7 (21) > A ({1}) i x5 = A1) Let x5 = A({1}). Then 77 ({2}) = 74 ({2}) and
n? ({1}) = 74 ({1}) . By using the same idea as that of the proof of Theorem 2, it is easy to

prove that 7.1 ({2}) > 71 ({1}) .

Case 3: x(l)2 <B({2}) . In this case, 711 ({2}) =71 ({2}) and 71 ({2}) =71 ({1}) . By using the

same idea as that of the proof of Theorem 2, it is easy to prove that 7.1 ({2}) > 71 ({1}) .=
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2

No
Restraint restraint
, L ({1,2}) > 5 ({1})
Restraint e ({1,2)) 4 ({1))
1 No L) + > (o)
restraint v ({2)) m ({0})

Table 1. The Payoff Matrix for the First Stage Decisions
without CDM or Supplier's Quantity Restraint.



Neither country 1 nor
2 chooses a quantity
restraint.

Only one country i chooses a quantity restraint.

Both countries 1 and
2 choose quantity
restraints.

x(0), i=1,2

x;({1})

xi((i), j#i

x(1,2), i=12

A0

by (bg +dp)(a1 —ap)
a1(bg +do) +2apby

by (b +dp)(a1 —ap)
a1(by +dp) +3agby

by (bg +dp)(ay —ap)[aq(by +dp) +2agb; ]

by (bo +dp)(aq —ap)

[a1(bo +dp) +3agby 1[a1(by +dp) +apb; ]

a1(by +dp) +3agby

A({i}) <xg <A(D)

baldo (a1 = ap) + gy ]
aldo + 21101’)1

by (bg +dp)(ay —ap)
a1(bg +dp) +3agby

by (bg +dp)(ay —ap)[ay(by +dp) +2agb; ]

by (bg *+do)(a1 —ap)

[a1(bo +dp) +3agby 1[a1(by +dp) +apb; ]

a1(by +dp) +3agby

B({i}) < xf < A({i})

byl do(ay —ag) +apx{]

xR [ay by + dg) +aghy ] ~boby (a1 —ap)

aldo + 21101’)1

a1by

blbo(a, —ag) —agxg ]
apbg

by (b +dp) (a1 —ap)
a1(by +dp) +3agby

A({1,2}) <xf <B({i})

by[do(ay — ag) +agx{]
a1d0 + 2a0b1

bl dg(ay — ag) +agx{]
ﬂldo + 3ﬂob1

by[do(ay —ag) +agx{1[aydy +2agby ]
(a1dg +agby )(a1dg +3agby)

by (b +dp) (a1 —ap)
a1(by +dp) +3agby

B({1,2}) < xff < A({1,2})

bildo (a1 = ap) +apxf ]
aldo + 2ﬂ0b1

b1ldo(ay = ap) +apx{ ]
aldo + 3&0[91

by[dg(ay = ag) +agx{¥ 1[aydy +2agb |
(a1dg +agby )(ardp +3agby)

x4 (b +dp)
2

x§ < B({1,2))

bildo (a1 = ap) +apx§ ]
aldo + 2ﬂ0b1

b1ldo(ay —ap) +apx{ ]
aldo + 3&0[91

by[dg(ay = ag) +agx{¥ 1[aydy +2agb |

byl dg(ay — ag) +agx{]

(a1dg +agby )(a1dp +3agby)

aldo + 3&0[91

2bgby (a1 —ap)

A(0F

A({1,2})

ay (by +dg) +2agby ’

2b1by (a1 —ap)

A({i}) =

boby (a1 —ag)[2a1(by +dp) +3apb; ]

a1(by +dp) +3agby

,and B({1,2})

[a1(by +dg) +3agby [[ay (by +dg) +aghy]”

B({i}) =

boby (a1 —ag)[2a1dy +3agb |

2b1bydy (a1 —ap)

dolay (by +dp) +3aghy ] +agboby

~ [ay(bg +dg) +3agby |(aydg +agby) +agarbob;

Table 2. The Equilibrium Quantities with CDM and Supplier’s Quantity Restraint.




Neither country 1 Only one country i chooses a quantity restraint. Both countries 1 and 2 choose quantity
nor 2 chooses a restraints.
quantity restraint.
r(t) p(i) p({1,2})
A(O¥ xf agay (bo +do +2by) | agm {by[2a; (b +do) +3agby ] +(bo +do)lay(by +do) +2aby I} ap{m[(bo +do) +2b1] +agby }
aq(by +dy) +2aghy [a1(bo +dp) +3agby ][a1(bg +dg) +agb1] aq(bg +dp) +3agby
A({i)) <x§ <A(D) agay(2by +dy —x§) | 20a1{b1[2a1 (b +dp) +3agby 1 +(bo +do)la1 (by +do) +2a0b; I} ap{a [(bo +dp) +2b; ] +apb, }
aydy +2apb [a1(bo +do) +3agby 1[a1(by +dp) +agbs ] a1(bo +dp) +3agby
Bi)sxf <A({i)) | apa(2by +dg =x{) ag(bo +x§) ao{a[(bo *+do) +2b,] +agh}
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Table 3. The Equilibrium Prices with CDM and Supplier’s Quantity Restraint.




Neither country 1 nor Only one country i chooses a quantity restraint. Both countries 1 and 2 choose

2 chooses a quantity quantity restraints.
restraint.
ni(0), i=1,2 7i({i}) ni(i)), j#i 7;({12}), 1=1,2
A@OF x aby (by +dg)? (a1 —ag)? a1by(bg +d)* (a1 —ag)* ayby (b +dg)> (a1 —ag)2[ay (by +do) +2agby 12| b1(bg +do)[ar (by +dg) +2agby (a1 —ag)*
2ay(bo +do) +2agb > | 2@ (bo +do) +aghllay(bo +do) +3agb1] | 2[ay (by +dp) +3agby 1*[ay (b +do) +aghy 2ay (b +do) +3aghy P
A((i) <x§ <AD) | aybyldy(ag —ag) +agxd 12 ayby (by +dg)? (a7 —ag)? ayby (bo +do ) (ay —ag) a1 (by +dg) +2aghy 17| by(bo +do)lay (b +do) +2agby1(ay —ap)*
2[ﬂ1d0 + 2ﬂ0b1 ]2 2[&] (bO + dO) +ﬂ0b]][ﬂ1(b0 +d0) +3ﬂ0b1] 2[111(b0 + dO) +3a0b1]2[111(b0 +d0) +ﬂ0b1]2 z[al(bo +d0) +3ﬂ0b1 ]2
BN <xb < A() | ayby[do(ag —ag) +agxd ] CIZ , where blbo (a1 — ) —apxt I by (bg + do)[a1 (bg +do) +2agby (a1 ~ag)”
2[aydg +2agb; I 2mboby 24,63 2[ay (bg +do) +3agh; I

C =ty [ay(by +do) +agby | =boby (2 —ag)
D = 3bgby (a1 —ap) —x{[ay (b +dg) +3agby ]

ALY <x§ <BU) | agbyldo(ay —ag) +agx§ 1P| mibi(ady +3agby)[do (@1 —ap) +agx§ 1> |  agby(aydg +2a9h1)*[do(ar —ag) +apx§ > | bu(Bo +do)la (b +do) +2agby 1(a1 ~ag)’
2[aqdy +2agbq 1P 2(aqdy +aghy )(agdg +3aghy)? 2(aqdy +agby )* (agdg +3aghy)? 2ay (by +do) +3agh, I
B(L2)<x0 < AUL2Y| ayby[do(ay —ag) +apxy 1P| arby(mdy +3aghy)[do(a —ag) +agxp | ayby (ardg +2agby)*[do(ay —ap) +agx§ I (b +dg)xGE  where
2
2aydg +2agb; | 2aydy +aghy )(ady +3aghy ) 2(ady +agby ) (ardg +3agby)? 8boby
E = dboby (a1 ~ag) ~x a1 (b +do) +4agh ]
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Table 4. The Equilibrium Payoffs with CDM and Supplier’s Quantity Restraint.
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Table 5. The case in which only one country chooses a quantity restraint.



