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Abstract

Rapid reduction of anthropogenic greenhouse gas emissions is required to mitigate disas-
trous impacts of climate change. The Kyoto Protocol introduced international emissions
trading (IET) to accelerate the reduction of carbon dioxide (CO,) emissions. The IET con-
trols CO, emissions through the allocation of marketable emission permits to sovereign
countries. The costs for acquiring additional permits provide buyers with an incentive to
reduce their CO, emissions. However, permit price has declined to a low level during the
first commitment period (CP1). The downward trend in permit price is attributed to deficien-
cies of the Kyoto Protocol: weak compliance enforcement, the generous allocation of per-
mits to transition economies (hot air), and the withdrawal of the US. These deficiencies
created a buyer’'s market dominated by price-making buyers. In this paper, | develop a coali-
tional game of the IET, and demonstrate that permit buyers have dominant bargaining
power. In my model, called cooperative emissions trading (CET) game, a buyer purchases
permits from sellers only if the buyer forms a coalition with the sellers. Permit price is deter-
mined by bargaining among the coalition members. | evaluated the demand-side and
supply-side bargaining power (DBP and SBP) using Shapley value, and obtained the follow-
ing results: (1) Permit price is given by the product of the buyer’s willingness-to-pay and the
SBP (=1 - DBP). (2) The DBP is greater than or equal to the SBP. These results indicate
that buyers can suppress permit price to low levels through bargaining. The deficiencies of
the Kyoto Protocol enhance the DBP, and contribute to the demand-side dominance in the
international permit market.

Introduction

Scientific evidence clearly indicates that climate change is driven by greenhouse gases (mainly
carbon dioxide, CO,) emitted from human activities [1]. Rapid reduction of anthropogenic
CO, emissions is required to protect present and future generations from disastrous impacts of
climate change [2-4]. The United Nations Framework Convention on Climate Change
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that no competing interests exist. Annex B Parties to the levels in 1990 [5, 6]. The Kyoto Protocol introduced international emis-
sions trading (IET) to accelerate the emission reduction. Each country owns marketable emis-
sion permits equivalent to its emission cap specified in the Kyoto Protocol. Countries facing
permit shortfalls need to purchase permits from other countries. The costs for acquiring addi-
tional permits provide buyers with an incentive to reduce their CO, emissions. According to
the basic competitive model in economics, emissions trading is a cost-effective way of control-
ling CO, emissions [7-11].

The Kyoto Protocol completed the first commitment period (CP1) in 2012. The interna-
tional permit market under CP1 was far from an efficient market drawn by the basic competi-
tive model. The annual average price of permits (assigned amount units, AAUs) peaked at
US$12.92 per ton of CO, in 2009, and then rapidly declined to US$6.77 in 2011 [12-14]. Even
much lower prices were reported in 2012 [15]. These prices are relatively low compared to
many estimates of the social cost of carbon (SCC, marginal damage caused by an additional
ton of CO, emissions) [16, 17]. A permit price lower than the SCC means the underestimation
of the risk of climate change. As buyers are allowed to acquire additional permits at low costs,
the emission reduction would not reach the optimal level.

The downward trend in permit price is attributed to deficiencies of the Kyoto Protocol,
which have been discussed by many authors. First, the Kyoto Protocol has no strict sanctions
against non-participation and non-compliance [18, 19]. In Marrakesh Accords, the Kyoto Pro-
tocol introduced some non-financial sanctions against non-compliance [20]. However, a non-
compliant country can avoid the sanctions by withdrawing from the Kyoto Protocol. The
Kyoto Protocol depending on voluntary actions of the members is vulnerable to free riding. If a
buyer loses willingness to purchase permits, it can withdraw from the market without paying
costs. In fact, the IET has experienced the withdrawal of the top-three buyers: the US, Japan,
and Canada [21-23]. The absence of major buyers leads to a smaller demand and a lower price.
Moreover, the right of buyers to withdraw from the market is a threat to sellers. If buyers exer-
cise the right, sellers cannot gain benefits from emissions trading. Therefore sellers are forced
to provide permits at low prices which are acceptable to buyers.

Second, the allocation of permits to transition economies (specifically Russia and Ukraine)
was too generous [6, 11]. Due to the hot air, the IET under CP1 has suffered from the oversup-
ply of permits (Fig 1). This trend was accelerated by the withdrawal of the US from the Kyoto
Protocol. If the US participated in the IET, it would have been the largest buyer with a demand
of 876 MtCO, per year [24]. Several authors estimate the impacts of the US withdrawal on per-
mit price using computational models [25-30]. The 2008-2009 global financial crisis widened
the supply-demand gap (Fig 2). In 2009, CO, emissions from Annex B Parties decreased in
response to the economic downturn [24]. As a result, the demand-side permit shortfall
decreased, while the supply-side permit surplus increased. The vulnerable market has been sus-
tained by Japan’s purchasing power [12-15].

These observations suggest that the international permit market under CP1 was a buyer’s
market. In a buyer’s market, at least one buyer exercises market power to manipulate price.
The cost-effective performance of emissions trading assumes a competitive market formed by
price takers [31]. If there exists a price maker in the market, emissions trading may fail to
achieve the optimal price [32] (see [9] for the extensions of this result). In the context of the
IET under CP1, many authors have investigated market power of sellers, especially transition
economies. By extending Hahn’s model [32], Maeda [33] concludes that sellers can exercise
market power by forming a cartel but buyers cannot. The impacts of seller cartels on permit
price are estimated by computational models [26-28, 30]. Meanwhile, Godal and Meland [34]
demonstrate that a seller cartel is not a dominant strategy for sellers. Strategic behavior of
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Fig 1. Permit supply and demand in Annex B Parties (annual average, 2008-2012). Calculated from CO, emission data [24] and the Quantified
Emission Limitation or Reduction Commitment (QELRC) of the Kyoto Protocol [5]. The US and the EU bubble are not included. Let G be annual average
emissions from a country between 2008 and 2012, and let C be the emission cap (per year) of the country specified in the Kyoto Protocol. (A) If G < C, the
country is a seller with a supply of C — G. (B) If C < G, the country is a buyer with a demand of G - C.

doi:10.1371/journal.pone.0132272.g001

buyers can nullify benefits from a seller cartel. They also show that a coalition containing both
buyers and sellers is profitable. In the IET, permit price is determined by bargaining. Power
relationships between buyers and sellers play the important role in price formation. Further
research on market power is necessary to understand the IET.

Game theory is a useful tool to solve bargaining problems. There are two types of
approaches: non-cooperative and cooperative. Non-cooperative games focus on how self-
interest players form a stable coalition. Strategic behavior of players is described by solution
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Fig 2. Aggregate permit supply and demand in Annex B Parties, 2005-2012. Calculated from CO,
emission data [24] and the QELRC of the Kyoto Protocol [5]. The US is not included.

doi:10.1371/journal.pone.0132272.9002
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concepts satisfying individual rationality (e.g. max-min solution and Nash equilibrium). The
non-cooperative approach has contributed to the analysis of international climate negotiations
[35-43]. Results of non-cooperative games suggest that the grand coalition containing all coun-
tries is unlikely to be stable because of free riding. In contrast, cooperative games (coalitional
games) focus on how benefits of a coalition are allocated to the members [44-46]. A payoff
allocation is determined by solution concepts satisfying both individual and social rationality
(e.g. core and Shapley value). Solution concepts for coalitional games are associated with bar-
gaining power of players [47, 48]. The cooperative approach has been applied to the allocation
of natural and environmental resources [49-52]. Several authors have discussed non-emptiness
of the core of economies with externalities [42, 53-56]. A non-empty core implies that a stable
and efficient payoff allocation is possible.

In this paper, I develop a coalitional game of the IET, and demonstrate that buyers have
dominant bargaining power. In my model, called cooperative emissions trading (CET) game, a
buyer purchases permits from sellers only if the buyer forms a coalition with the sellers. In the
real market, buyers may cooperate with each other. For simplicity, however, coalitions contain-
ing more than one buyer (multi-buyer coalitions) are excluded. This paper focuses on bargain-
ing between each buyer and sellers (see Future Research for the multi-buyer CET game).
Moreover, it is assumed that a buyer receives benefits from a coalition with sellers. If compli-
ance enforcement is weak, self-interest buyers withdraw from the market without purchasing
permits. However, political and economic benefits from international cooperation would
encourage buyers to participate in the market (ancillary benefits of the IET [40, 57]). Under
these assumptions, the CET game has a superadditive characteristic function. The collective
payoff of the coalition, which is equal to the value of ancillary benefits for the buyer, is allocated
to the members by Shapley value [45-47]. Shapley value gives a unique payoft allocation satis-
fying social rationality (Pareto efficiency). The solution also satisfies individual rationality in
superadditive games. Shapley value reflects bargaining power of players (e.g. Shapley-Shubik
power index [58]). Using Shapley value, I evaluate the supply-side and demand-side bargaining
power (SBP and DBP). Permit price is derived from the buyer’s Shapley value, which is a func-
tion of bargaining power.

Analysis

The CET game is a coalitional game with a buyer and s-sellers (s > 1). Let B: = {—1} be the
buyer set, and let S: = {1, 2,. . ., s} be the seller set. The set of players is N: = BUS. Each player i
€ N owns C; (tCO,) of permits in advance. Assume C_; < 0 for the buyer and C; > 0 for any
seller j € S. A player can form a coalition with other players. A coalition N C N is a subset of
the player set, and the CET game has 2°*' coalitions. The coalitions are classified into four
types. First, the empty coalition () is the empty set. Second, the buyer coalition B is the buyer
set. Third, a seller coalition S, C S\ §) is a non-empty seller set. Fourth, a normal coalition
BUS, contains the buyer and at least one seller. Permit demand and supply in BUS, are |C_;|
and s : =%, ¢ 5, C;, respectively.

Payoff Functions

A player’s payoff depends on the coalition to which the player belongs. The buyer’s payoft
function is

(/l—P)QBUS+ if N=BUS,
U ,(N) :{ .

0 otherwise
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P is permit price per ton of CO, emissions (P > 0). Qgs : = min{|C_;|, I's } is the volume of
permits transferred from a seller coalition S, to the buyer. The buyer’s willingness-to-pay
(WTP), denoted by A, is the maximum permit price that the buyer is willing to pay (1 > 0). Ifa
normal coalition BUS, is formed, the buyer pays PQg s, for permits, and receives AQg s, from
the coalition. AQgs, is interpreted as the value of the coalition for the buyer. The j-th seller’s
payoff function is

Pg; if N=BUS, and j€S,
UN) = . )

0 otherwise

gj is the volume of permits transferred from seller j to the buyer, which satisfies ¥, ¢ 5 _g; =

Qsus, -

Characteristic Function

The collective payoff of a coalition is given by the characteristic function
V(N) := iy U((N). (3)

The collective payoff can be positive only in normal coalitions (Table 1). v is a superadditive
function which satisfies v(Ny) + v(N;) < (N U N) for any two coalitions Ny and N; such that
Ny N N; = (. The collective payoff monotonically increases as the coalition size |N| increases.
Hence the grand coalition N is expected to be formed. The CET game is the problem of how to
allocate v(N) = AQy to players.

The grand coalition is sustainable only if every player receives a non-negative payoff from it.
If the payoff allocation to player i is negative, the player withdraws from the grand coalition
and gains a zero payoff from the single coalition {i}. From U_;(N) > 0 and P > 0, we obtain the
condition for individual rationality:

0<P< (4)

Only if the buyer has a positive WTP, permit price can be positive, and every player receives
a non-negative payoff. If the buyer has a zero WTP, the grand coalition collapses, and every
player receives a zero payoff.

Proposition 1 Permit price can be positive only if there exists a buyer with a positive WTP in
the market.

Shapley Value

Shapley value gives a unique payoff allocation which satisfies social rationality (Pareto effi-
ciency) [45-47]. As the characteristic function v is superadditive, Shapley value of the CET
game also satisfies individual rationality (Eq (4)).

Table 1. Characteristic function v.

Type Coalition N Collective payoff v(N)
Empty 0 0

Buyer B 0

Seller S, CS\p 0

Normal BUS, AQgus,

doi:10.1371/journal.pone.0132272.t1001
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Let M be the set of (s + 1)! permutations of (s + 1) players. A permutation
m= (m(1),m(2),...,m(k),...,m(s+1)) e M (5)

indicates the order in which each player joins a coalition. Player m(1) forms the single coalition
{m(1)}. Player m(2) forms the two-player coalition {m(1), m(2)} by joining {m(1)}. Player m(k)
forms the k-player coalition {m(1), m(2),. . ., m(k)}. The coalition N 0. = (m(1), m2),...,m
(k — 1)} is called the preceding coalition for player m(k). Due to superadditivity, the participa-
tion of player i in the preceding coalition N™ ' monotonically increases the collective payoff.
This payoff increase, measured by v(N"™ Ufi}) — v(N™ ), is the i-th player’s contribution in
permutation m. Assume that every permutation occurs at the same probability. The i-th play-
er’s Shapley value is the expected value of the contributions for all m:

2 mem(VIN™ U {i}) — v(N™))
(s+1)! '

¢ = (6)

The buyer monotonically increases the collective payoff from zero to AQg s, by joining a
seller coalition S, (Table 1). For each S,, there are |S,|! (s — |S,|)! permutations in which the
buyer gains a non-zero contribution AQgys,. The buyer’s Shapley value is

zzw\@l&\!(s —[S.1)!Qpys, .
(s+1)! '

¢, =

Let S¢;y € S\ {j} be a seller coalition which does not contain seller j. S(;, may be the empty
coalition. The j-th seller gains a non-negative contribution (Qr,u; — Qr,) by joining T(;: =
B U S(j). The j-th seller’s Shapley value is

B ;“Zs@gs \{,‘}|T@')|! (s — |T(j)|)! (QTU)U{j} - QTU))

J (s+ 1) ' ®)

The Shapley value satisfies social rationality

> 6, =v(N) = Q. (9)

ieN

The collective payoff of the grand coalition is allocated to the players with no loss. The Shapley
value also satisfies individual rationality

¢, >v({i}) =0 forall i e N. (10)

Every player receives a non-negative payoft from the grand coalition.

Permit Price

The buyer receives the Shapley value ¢_; from the grand coalition N. From U_;(N) = ¢_;, we
obtain permit price

P—i(l—ny) = ing, (11)
where
. es®;
Ty = ;?N) and g := Zv:(Jl\SI)] (12)

ng € [0, 1] and 75 € [0, 1] are demand-side and supply-side bargaining power (DBP and SBP),
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respectively. The DBP is the proportion of the buyer’s Shapley value to the collective payoff. By
social rationality (Eq (9)), g + 7s = 1. The DBP and SBP are independent of the buyer’s WTP.

Proposition 2 Permit price, which satisfies both individual and social rationality, is given by
the product of the buyer’s WTP and the SBP (= 1 — DBP).

Range of Permit Price
Here I demonstrate that permit price ranges from A4/(s + 1) to A/2. The DBP is written as

o z:sf‘&&ps+

s = (s+1)! (13)

#5:=|S,]! (s = |S4|)! is the number of player permutations in which a seller coalition S, pre-
cedes the buyer. pg, is trading volume ratio (TVR) defined as

Qs min{\c71|,r5+}

= . 14
Qn min {|C_,|,['s} ()

Ps, *

Trading volume Qgys, is a piecewise linear and monotonically increasing function of permit
demand |C_,| (Fig 3). Since I's, < T's, the TVR is a monotonically decreasing function of |C_,|
(Fig 4). Depending on the balance between supply and demand, the TVR is classified into three
types: (A) |C_y|/|C_4|, (B) T's /|C_y|, and (C) T's /T's.

Lower Limit of Permit Price. Suppose that the buyer’s WTP is constant. Permit price is
minimized by maximizing the DBP (Eq (11)). The DBP is maximized if the TVR is type A for
all .. This condition is satisfied when permit supply is excessive, i.e., when |C_;| < C;for all
seller j. Substituting ps = 1 into Eq (13) gives the maximum DBP

pmax Lsfs, : (15)
B (s+ 1!

#g, is equal to the number of seller permutations in which S, precedes $ \ S... Each seller permu-
tation (j(1), j(2),. . ., j(s)) is generated from s preceding coalitions:

(W ).52)} - {i(1),4(2), -, j(9)} (16)
Qgus, 4

I

> |C_4]

Fig 3. Trading volume of permits in a normal coalitionB U S,.

doi:10.1371/journal.pone.0132272.g003
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1 |
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1 1 > C_
0 I, I |C_1l

Fig 4. Trading volume ratio (TVR) in a normal coalitionB U S,.

doi:10.1371/journal.pone.0132272.9g004

Ys, #s, counts every seller permutation s times. Hence ¥s #5 = s x s!. The maximum DBP is

e SX 8! s (17)
R = = .
B+ s+1

The lower limit of permit price is

A
s+1°

pmin _ (1 gmax) _

(18)

Upper Limit of Permit Price. Permit price is maximized by minimizing the DBP. The
DBP is minimized if the TVR is type C for all S,. This condition is satisfied when permit
demand is excessive, i.e., when I's < |C_|. Substituting ps = I's /T's into Eq (13) gives the mini-
mum DBP

min Zs+ #s+ 1—‘s+ Es+ (#s+ Zje& C;)

T G )IT, s+ D)ITg 19)

If S, contains seller j, #5 C;is added to the numerator of nj;". Let S; be the set of seller coali-
tions containing seller j. Then

nmin — Zjesajcj (20)
B (s+ 1T’

where aj: = g ¢ 555, @j should be same for all seller j because it is independent of permit sup-
ply and demand. We have

oI’ o
I3 4 (21)

mm_(s+1)!rsz(s+1)!'

Ty =

aj is calculated as follows. A player permutation is written as Eq (5). If S, is the single coalition
{j}, seller j is m(1), the buyer is m(2), and (s — 1) sellers follow the buyer. The number of permu-
tations is (s — 1)!. If S, is a two-seller coalition containing seller j, seller j chooses m (1) or m(2),
and another seller contained by S, takes the remaining position. The buyer is m(3), and (s — 2)
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sellers follow the buyer. The number of permutations is 2(s — 1)!. If S, is a k-seller coalition
containing seller j, the number of permutations is k(s — 1)!. @; is the sum of k(s — 1)! for all k €
{1,2,.. ., s}, which is

(s+1)!
acj=(1—|—2+~--—|—s)(s—1)!: 5 (22)
The minimum DBP is
min _ 1

TCB = 5 . (23)

The upper limit of permit price is

; A

pmax _ ;1 — pgun) =5 (24)

Proposition 3 Let s be the number of sellers. The DBP ranges from 1/2 to s/(s + 1). The DBP
is always greater than or equal to the SBP.

Proposition 4 Let A be the buyer’s WTP. Permit price ranges from A/(s + 1) to A/2. Permit
price is minimized when permit supply from every seller is greater than or equal to permit
demand, and is maximized when permit demand is greater than or equal to the aggregate permit

supply.

Monotonicity of Permit Price

Assume that permit supply and demand are independent of each other. Moreover, assume that
the buyer’s WTP is constant. Under these assumptions, permit price satisfies three types of
monotonicity: (I) Permit price monotonically increases as permit demand increases. (II) Per-
mit price monotonically decreases as permit supply from a seller increases. (III) Permit price
monotonically decreases with the entry of a new seller into the market.

Type I Monotonicity. Differentiating Eq (11) with respect to permit demand |C_,| gives

opP i oy

e (l-7y) e — AB 25
oA S R Tl 25)

Since OA/0|C_4| = 0, the type I monotonicity holds if Omg/d|C_;| < 0.
The TVR (ps,) is continuous over |C_,| > 0, and is differentiable almost everywhere. dps /
0|C_,] is non-positive for all types of the TVRs (Table 2). From Eq (13),
ong 1 Ops
A~ 1 v #. —— < 0. 26
a|C_,] (s+1)!§ s alc S (26)
Thus permit price satisfies the type I monotonicity.

Proposition 5. Assume that permit supply and demand are independent of each other. If the
buyer’s WTP is constant, permit price monotonically increases as permit demand increases.

Table 2. Derivative of the TVR with respectto |C_,|.

Type TVR Condition Derivative
A [C_1|/|C_4] |C_4| € (0, Ts,) 0

B FS+/|C_1‘ |C_1| € (rs*, rs) <0

C I's/Ts |C_1| € (T's, 00) 0

doi:10.1371/journal.pone.0132272.t002
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Table 3. Derivative of the TVR with respectto C; (j € S.).

Type TVR Condition Derivative
A |C_1]/|C_4] |IC_1| € (0, Ts) 0

B (Gj +Ts,\ )/|C| |C_1] € (Ts,, Ts) >0

C (Ci+Ts\ V(G +Ts\ () |C_1] € (T's, <) >0

doi:10.1371/journal.pone.0132272.t003

Type I Monotonicity. Differentiating Eq (11) with respect to permit supply C; gives

P _ 1-n )ﬁ _ ;0% 27
ac, -~ "™lac” “ac, (27)
Since OA/0C; = 0, the type I monotonicity holds if 9ng/0C; > 0.
If S, contains seller j, the TVR is
min{|C_,|,C. + Ty ..
ps+ _ {| l| 'j Sy {]}} (28)

min {|C_,|,C, + s} .

The numerator and denominator are piecewise linear and monotonically increasing functions
of C;. The TVR is continuous over C; > 0, and is differentiable almost everywhere. Ops /0C; is
non-negative for all types of the TVRs (Table 3). If S, does not contain seller j, the TVR is

min{|C71\,FS+}
min {[C_,[,C + T's_;}

Ps, = (29)

The numerator is constant, and the denominator is same as Eq (28). dps /0C; is zero for the
types A and B, but is negative for the type C (Table 4).

If the TVR is type A or B for all S, we obtain 9ng/0C; > 0 from Eq (13). If |C_,| > T, the
TVR is type C for all S,, and the DBP has the minimum value of 1/2 (Proposition 3). Hence
Ong/OC; = 0 if there exists S, such that the TVR is type C. O7g/OC; is non-negative for all S,,
and permit price satisfies the type II monotonicity.

Proposition 6 Assume that permit supply and demand are independent of each other. If the
buyer’s WTP is constant, permit price monotonically decreases as permit supply from a seller
increases.

Type III Monotonicity. First, we expand the seller set S to Z: = S U {0} by adding a new
seller o with zero permit supply (I, = 0). The buyer forms the grand coalition with Z. Similar
to Eq (13), the DBP is

Ym0,

P 30

B (s+2)! (30)
Z, is a non-empty seller coalition. #; :=|Z, |!(s+1—[Z, |)!is the number of player
Table 4. Derivative of the TVR with respectto C; (j ¢ S.).
Type TVR Condition Derivative
A |C_1)/|C_4] |C_4] €(0,Ts) 0
B FS+/‘C_1‘ |C_1| € (rs*, rs) 0
C FS+/(Cj+FS\(j}) |C,1| G(rs, OO) <0

doi:10.1371/journal.pone.0132272.t004
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permutations in which Z, precedes the buyer. p; := Qg /Qg.z is the TVR. Eq (11) gives
permit price P* = A(1 — ng).

If Z, = {0}, Qguz, = min{|C_;|, 'z } = 0 and py. = 0.Hence #,,p;,, = 0. IfZ, #{o}, Z, is
S, or S, U {ad}. For every S, Qpus, = Qpus,uis) and ps, = p;*+ = 05, uo)- Moreover,

#, e = IS+ =S DN (S D s = IS
= (s +2)IS,[' (s = [S.])! (31)
= (s+2)#, .
From Eq (30),

_ FPley T 205, (05, + # i i)

"B (s+2)!

. Zs+( #s T #;+u{g})105+
(s+2)! (32)

(s+ Q)Zs+ #s,.Ps,
(s+2)!

:T[Ba

and we obtain P* = P. The entry of seller o into the market has no influence on permit price.
Second, we increase permit supply from seller ¢ to an arbitrary level. By Proposition 6, this
operation monotonically decreases permit price. Now we find that permit price satisfies the
type III monotonicity.
Proposition 7 Assume that permit supply and demand are independent of each other. If the
buyer’s WTP is constant, permit price monotonically decreases with the entry of a new seller into
the market.

Results and Discussion

The seven propositions derived from the CET game help us understand why permit buyers
could have dominant power. This section summarizes the results of the CET game based on
market data. Stability of coalitions is also evaluated. Finally, limitations and extensions of the
CET game are discussed.

Withdrawal of Buyers from the International Permit Market. In the CET game, a buyer
purchases permits from sellers only if the buyer forms a normal coalition with the sellers.
Whether a normal coalition is formed or not depends on the buyer’s WTP. A buyer with a zero
WTP withdraws from the market without purchasing permits. Only if there exists a buyer with
a positive WTP, permit price can be positive (Proposition 1). The permit price, which satisfies
both individual and social rationality, is given by the product of the buyer’s WTP and the SBP
(Proposition 2). Permit price is strongly influenced by the buyer’s WTP.

Buyers can withdraw from the Kyoto Protocol without paying costs. The IET under CP1
experienced the withdrawal of the top-three buyers: the US, Japan, and Canada. The US, which
is the largest buyer in Annex B Parties, did not ratify the Kyoto Protocol. The US is a buyer
with a zero WTP. Japan has purchased a large amount of permits from transition economies
such as Ukraine, Czech, Latvia, and Poland [59], but decided not to participate in the second
commitment period (CP2) [22, 23]. After the severe nuclear disaster in Fukushima, Japan
abandoned the 2010 Basic Energy Plan in which the promotion of nuclear power generation

PLOS ONE | DOI:10.1371/journal.pone.0132272  August 5, 2015 11/20



@’PLOS ‘ ONE

Cooperative Emissions Trading Game

was emphasized [60]. As of February 2015, all nuclear power plants of Japan are closed for
safety reasons, and most of the electricity is supplied from fossil fuel power plants [61]. The
increasing dependence on fossil fuels leads to substantial increases in CO, emissions [62]. The
costs for additional permits, which are expected to be huge under CP2, may have decreased
Japan’s WTP to zero. Canada also withdrew from the Kyoto Protocol to avoid financial bur-
dens associated with the IET [21, 23]. The withdrawal of the top-three buyers indicates that the
buyer’s WTP is sensitive to changes in political and economic conditions.

The right of withdrawal is a threat to sellers. Unless a buyer with a positive WTP joins the
coalition, sellers cannot gain benefits from emissions trading. Therefore the buyer’s contribution
to the coalition is relatively large, and sellers are forced to suppress permit price to less than 4/2
(Proposition 4). This result is equivalent to Proposition 3 that the DBP is always greater than or
equal to the SBP. Sellers cannot dominate the market even if permit demand is excessive.

Excessive Permit Supply from Transition Economies. The excessive permit supply from
transition economies (hot air) increases the DBP and decreases permit price. Suppose that per-
mit supply and demand are independent of each other, and that the buyer’s WTP is constant.
Permit price monotonically decreases as the supply from a seller increases (Proposition 6). A
decrease in permit price means an increase in the DBP (Proposition 2). Fig 5 compares the
DBP curves in two types of markets: hot and cold. Both markets contain 18 sellers (s = 18). The
hot market is the real market shown by Fig 1. In the cold market, the supply from Russia and
Ukraine is assumed to be zero. In both markets, the DBP monotonically decreases as the
demand increases (Proposition 5). The DBP in the hot market is greater than or equal to the
DBP in the cold market. For instance, Japan’s DBP is 0.848 in the hot market, and is 0.786 in
the cold market. The supply from Russia and Ukraine enables Japan to purchase permits at a
29% discount (Eq (11)). The hot air reinforces the demand-side dominance in the international
permit market.

1.0
0.9
0.8
o
m 0.7
o ——Hot market

0.6 —Cold market

0.5

0.4 rrrrrrrrrrrrirrrrTr T 1T 1T
0 400 800 1200 1600 2000

Permit demand [MtCO2]

Fig 5. Curves of the demand-side bargaining power (DBP) in hot and cold markets. The DBP is
obtained by putting the number of sellers (s), supply data (C4, C,,. . ., Cs), and demand data (|C_4]) in Eq (12).
Both markets contain 18 sellers (s = 18; Belgium, Bulgaria, Croatia, Czech Republic, Denmark, Estonia,
Germany, Hungary, Latvia, Lithuania, Monaco, Poland, Romania, Russian Federation, Slovakia, Sweden,
Ukraine, and the UK). The hot market is the real market shown by Fig 1. In the cold market, the supply from
Russia and Ukraine is assumed to be zero. Each curve consists of 2,000 points of the DBPs corresponding to
|C_4]=1,2,...,2000 (MtCO,).

doi:10.1371/journal.pone.0132272.g005

PLOS ONE | DOI:10.1371/journal.pone.0132272  August 5, 2015 12/20



@’PLOS ‘ ONE

Cooperative Emissions Trading Game

—=No cartel

—Russia and
Ukraine

All sellers

0.4 | I N I N D DN I I DN BN N N DN BN N N DN BN N |
0 400 800 1200 1600 2000

Permit demand [MtCO2]

Fig 6. Impacts of seller cartels on the DBP. Calculated from the data of Fig 1. The cartel of Russia and
Ukraine controls 75% of the aggregate permit supply.

doi:10.1371/journal.pone.0132272.9g006

As discussed by many authors [25-30], the absence of the US from the market has acceler-
ated the downward trend in permit price. The DBP of the US is 0.664 in the hot market (Fig 5).
If the US has the same WTP as Japan, permit price for the US is 120% higher than that for
Japan (Eq (11)). From this result, we immediately find that the withdrawal of Japan and Can-
ada from the market decreases permit price. Buyers with smaller demands have higher DBPs,
and purchase permits at lower prices. Meanwhile, Russia decided not to participate in CP2
[23]. The withdrawal of Russia means a substantial decrease in the aggregate permit supply,
which may bring upward pressure on permit price (Proposition 7).

Market Power of Seller Cartels. Previous studies conclude that transition economies can
increase permit price by forming seller cartels [26-28, 30, 33]. However, the demand-side dom-
inance resists market power of seller cartels. Fig 6 shows the DBP curves under no cartel, the
cartel of Russia and Ukraine, and the cartel of all sellers. The cartel of Russia and Ukraine con-
trols 75% of the aggregate permit supply. If sellers form a cartel, the sellers withdraw from the
market, which decreases the DBP (Proposition 7). At the same time, the seller cartel with a
large permit supply enters the market, which increases the DBP. The cartel of Russia and
Ukraine increases the SBP (decreases the DBP). For instance, Japan’s DBP decreases from
0.848 (under no cartel) to 0.822, which implies a 17% increase in permit price (Eq (11)). The
SBP achieves the maximum value of 0.5 when all sellers form the grand cartel (s = 1, Proposi-
tion 3). In this case, the SBP is equal to the DBP. The formation of seller cartels weakens the
demand-side dominance, but cannot reverse it.

Impacts of the Global Financial Crisis. The 2008-2009 global financial crisis slowed
down economic growth in Annex B Parties. Due to the economic downturn, CO, emissions
from the Parties except the US decreased from 8,382 MtCO, in 2008 to 7,803 MtCO, in 2009
[24]. The Kyoto Protocol has no mechanism to adjust the balance between permit supply and
demand. As the permit allocation to each country is fixed, the decrease in CO, emissions
increased the supply from transition countries, and decreased the demand of Japan, Canada,
and other buyers (Fig 2). By Propositions 5 and 6, permit price monotonically decreases as per-
mit supply (demand) increases (decreases). Fig 7 shows Japan’s DBP between 2005 and 2012.
Japan’s DBP increased from 0.776 in 2007 to 0.893 in 2009, which means a 52% decrease in
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Fig 7. Japan’s DBP between 2005 and 2012. Calculated from the data of Fig 1.
doi:10.1371/journal.pone.0132272.g007

permit price (Eq (11)). This result suggests that the global financial crisis contributed to the
demand-side dominance.

In the real market, AAU price responded to the global financial crisis with a time lag. The
annual average price of AAUs peaked in 2009, and plunged in 2011 [12-14]. This time lag is
attributed to a time-consuming process of international bargaining. In March 2009, Japan and
Ukraine concluded a contract for the permit transfer of 30 MtCO, after spending eight months
in bargaining [63]. Another contract for the permit transfer of 40 MtCO, from Czech to Japan,
which was concluded in the same month, required six months of bargaining [64]. The AAU
prices specified in these contracts reflect market conditions before the recession.

Stability of Grand Coalitions. The CET game considers bargaining in single-buyer grand
coalitions (SBGCs). Annex B Parties have 19 permit buyers except for the US, and hence the
number of possible SBGCs is 19. It is expected that the most stable SBGC would be chosen by
sellers. The stability of coalitions is measured by stability index (SI) [49, 65-68]. The SI is the
coefficient of variation of players’ power indices (PIs). The PI is a similar value to the Shapley-
Shubik power index [48, 58]. In the CET game, the PI is equivalent to bargaining power (Eq
(12)):

U(N) — v({i}) U(N) _ ¢

S UM () N N (33)

A coalition with a lower SI is more stable. A coalition is completely stable (SI = 0) when all
players have the same PI.

Table 5 lists the PIs of Japan and all sellers in the grand coalition. Japan is a dominant buyer
with high bargaining power (see also Fig 5). In sellers, Russia, Ukraine, and Germany have rela-
tively high PIs. Meanwhile, Croatia, Belgium, and Monaco cannot exercise bargaining power.
Each player’s payoff is equal to the product of the PI and the collective payoff (¢; = m; x v(N)).
Japan receives 85% of the collective payoff, and the top-three sellers receive 51% of the permit
sales. Table 6 lists the SIs of the SBGCs. Due to the demand-side dominance, all the coalitions
have high SIs. In Japan’s coalition, for instance, the standard deviation of the PIs is more than
three times higher than the mean PI (0.053). This result suggests that a SBGC is generally
unstable. A SBGC with a larger buyer has a higher SI. The US coalition has the lowest SI, but
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Table 5. Power indices (Pls) of Japan and all sellers in the grand coalition.

Country PI

Japan 0.848
Russia 0.026
Ukraine 0.026
Germany 0.026
Romania 0.019
UK 0.012
Czech 0.009
Poland 0.007
Bulgaria 0.006
Slovakia 0.005
Lithuania 0.005
Hungary 0.004
Estonia 0.004
Latvia 0.002
Sweden 0.001
Denmark 0.001
Croatia 0.000
Belgium 0.000
Monaco 0.000

Calculated from the data of Fig 1.

doi:10.1371/journal.pone.0132272.t005

the US is absent from the market. Sellers are expected to join Japan’s coalition, which is the
most stable coalition next to the US coalition.

Future Research

The CET game uses three assumptions to simplify the calculation of bargaining power. First,
players form the grand coalition. This assumption is popular in cooperative games, but there is
no strong evidence. In the real world, a large coalition is not necessarily efficient because the
complicated process of international bargaining costs the members. Moreover, a buyer’s WTP
changes depending on sellers. There may be a pair of countries which cannot cooperate for
political reasons. If these factors break superadditivity of the characteristic function, the grand
coalition would divide into smaller coalitions. Results from non-cooperative games suggest
that large coalitions are unstable in international climate negotiations [35-37, 39, 42]. A direc-
tion of future research is to couple the CET game with non-cooperative games which describe
the formation of stable coalitions.

Second, multi-buyer coalitions are excluded. The extension of the buyer set makes it difficult
to determine the payoff allocation. Let B = {—1, -2,. . ., —b} be the buyer set, and let S = {1,
2,..., s} be the seller set. Buyer i € B has a demand of |Cj| (C; < 0), and seller j € S has a supply
of C; (C; > 0). Let A; be each buyer’s WTP. In a normal coalition N, = B, U S,, trading volume
of permits is given by Qy, = min{Z; ¢ 5 |Ci[, T; ¢ s, Cj}. The total payoff of all sellers is PQy . Let
r; € [0, |Ci[] be the volume of permits transferred from sellers to buyer i (%; ; = Qy). Each buy-
er’s payoff function is (1; — P)r;, and the total payoff of all buyers is ¥; A; r; — PQy; . The collec-
tive payoff of the normal coalition is ¥; A, r;. This characteristic function is not always
superadditive (Table 7). In this example, we cannot expect the grand coalition. Even if the
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Table 6. Stability indices (Sls) of single-buyer grand coalitions (SBGCs).

Buyer Si

us 2.844
Japan 3.564
Canada 3.596
Australia 3.653
Spain 3.697
Netherlands 3.889
Greece 3.901
Italy 3.909
France 3.927
Austria 3.930
Portugal 3.931
Ireland 3.934
New Zealand 3.940
Norway 3.940
Finland 3.956
Switzerland 3.964
Slovenia 3.966
Iceland 3.982
Luxembourg 3.997
Lichtenstein 4.007

Calculated from the data of Fig 1.

doi:10.1371/journal.pone.0132272.t006

grand coalition is formed, the Shapley value does not satisfy individual rationality. A different
approach is required to solve the multi-buyer CET game.

Third, the CET game uses Shapley value to determine the payoff allocation. Shapley value is
a popular solution concept for coalitional games, but various alternatives have been proposed
(e.g. Nash-Harsanyi bargaining solution and nucleolus). For instance, Gately [69] proposed the

Table 7. Characteristic function of a multi-buyer CET game.

Coalition N Collective payoff v(N)
¢ 0

{-1} 0

{-2} 0

{1} 0

{-1, -2} 0

1,1} At Qpr, =10

-2, 1) Ao Qo 1=20
{-1,-2, 1} Aqr4+Aoro=15

The following parameters are assumed: b=2,s =1, |C_4| =10, |C_5|=10,C1 =10,A_1=1,A5=2,r4 =
5, and r_, = 5. The participation of buyer —1 into the coalition {-2, 1} decreases the collective payoff. This
characteristic function does not satisfy superadditivity.

doi:10.1371/journal.pone.0132272.t007
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solution based on propensity to disrupt (PTD). The i-th player’s PTD is defined as

2N D g
’ U(N) — V() U(N)

1

(34)

A high PTD means that the participation of player i in the grand coalition is highly beneficial
to other players but is not to the player [49, 65-67]. Gately solution is the payoft allocation
{¢) | i € N} such that all players have the same PTD. Does the shift from Shapley value to
Gately solution affect the results of the CET game?

I conclude this paper by comparing Gately solution and Shapley value in the three-player
CET game N = {-1, 1,2}. From Gately solution, the buyer receives

, 2Q%
L= . 35
¢_ 3QN - Q{—l,l} - Q{fm} ( )

The Gately-DBP is

o _ o
v(N)  3Qy — Q{fu} - Q{71,2} 7

and the Shapley-DBP is

_ ¢_y _ 200+ Qi + Qg
v(N) 6Qx .

g

The difference between the two DBPs is

(Q{fl 1} + Q{—lz} - QN)<Q{—1 1} + Q{—IZ})
_ - : : ’ =~ > 0. 38
B "B 6QN(3QN - Q{le} - Q{—l,Q}) B ( )

The Gately-DBP is greater than or equal to the Shapley-DBP. The shift from Shapley value to
Gately solution reinforces the demand-side dominance. If |C_;| > C; + C,,

/

ﬂjB = 7[B = (39)

1
5"
Under the excessive permit demand, the Gately-DBP is equal to the Shapley-DBP. If |C_;| <
Cl and |C_1| S Cz,

2
Ty =3 and ng = 1. (40)

Gately solution gives the payoff allocation in which the buyer monopolizes the collective pay-
off. From U | = ¢' | (Eq (1)), permit price is zero. Under the excessive permit supply, Gately
solution fails to provide a feasible payoff allocation.

Acknowledgments

I would like to thank Akiko Satake, Yuya Tachiki, and an anonymous referee for fruitful com-
ments. I was supported by Japan Society for the Promotion of Science between April 2012 and
March 2015.

PLOS ONE | DOI:10.1371/journal.pone.0132272  August 5, 2015 17/20



@’PLOS ‘ ONE

Cooperative Emissions Trading Game

Author Contributions

Conceived and designed the experiments: KH. Performed the experiments: KH. Analyzed the
data: KH. Contributed reagents/materials/analysis tools: KH. Wrote the paper: KH.

References

1.

10.
1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Intergovernmental Panel on Climate Change. Climate Change 2013: The Physical Science Basis. Con-
tribution of Working Group | to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change. Stocker TF, Qin D, Plattner GK, Tignor M, Allen SK, Boschung J, et al., editors. Cambridge:
Cambridge University Press; 2013. Available from: http://www.ipcc.ch/report/ar5/wg1/.

Hansen J, Kharecha P, Sato M, Masson-Delmotte V, Ackerman F, Beerling DJ, et al. Assessing “dan-
gerous climate change”: Required reduction of carbon emissions to protect young people, future gener-
ations and nature. PLOS ONE. 2013; 8:e81648. doi: 10.1371/journal.pone.0081648 PMID: 24312568

Intergovernmental Panel on Climate Change. Climate Change 2014: Impacts, Adaptation, and Vulnera-
bility. Contribution of Working Group Il to the Fifth Assessment Report of the Intergovernmental Panel
on Climate Change. Field CB, Barros VR, Dokken DJ, Mach KJ, Mastrandrea MD, Bilir TE, et al., edi-
tors. Cambridge: Cambridge University Press; 2014. Available from: http://www.ipcc.ch/report/ar5/
wg2/.

Intergovernmental Panel on Climate Change. Climate Change 2014: Mitigation of Climate Change.
Contribution of Working Group Ill to the Fifth Assessment Report of the Intergovernmental Panel on Cli-
mate Change. Edenhofer O, Pichs-Madruga R, Sokona Y, Farahani E, Kadner S, Seyboth K| et al., edi-
tors. Cambridge: Cambridge University Press; 2014. Available from: http://www.ipcc.ch/report/ar5/
wg3/.

United Nations Framework Convention on Climate Change. Kyoto Protocol to the United Nations
Framework Convention on Climate Change; 1998. Available https://unfccc.int/kyoto_protocol/items/
2830.php.

Oberthir S, Ott HE. The Kyoto Protocol: International Climate Policy for the 21st Century. Berlin:
Springer; 1999.

Baumol WJ, Oates WE. The Theory of Environmental Policy. 2nd ed. Cambridge; New York: Cam-
bridge University Press; 1988.

Stiglitz JE, Walsh CE. Economics. 3rd ed. New York: W.W. Norton & Company; 2002.

Tietenberg T. Emissions Trading: Principles and Practice. 2nd ed. Washington, DC: Resources for
the Future; 2006.

Siebert H. Economics of the Environment: Theory and Policy. 7th ed. Berlin: Springer; 2008.

Tietenberg T, Lewis L. Environmental & Natural Resource Economics. 9th ed. Upper Saddle River:
Pearson Education; 2012.

Kossoy A, Ambrosi P. State and Trends of the Carbon Market 2010. Washington, DC: World Bank;
2010. Available from: http://hdl.handle.net/10986/13401.

Linacre N, Kossoy A, Ambrosi P. State and Trends of the Carbon Market 2011. Washington, DC:
World Bank; 2011. Available from: http://hdl.handle.net/10986/13400.

Kossoy A, Guigon P. State and Trends of the Carbon Market 2012. Washington, DC: World Bank;
2012. Available from: http://hdl.handle.net/10986/13336.

Kossoy A, Oppermann K, Reddy RC, Bosi M, Boukerche S, Héhne N, et al. Mapping Carbon Pricing Ini-
tiatives 2013: Developments and Prospects. Washington, DC: World Bank; 2013. Available from:
http://hdl.handle.net/10986/15771.

Intergovernmental Panel on Climate Change. Climate Change 2007: Impacts, Adaptation and Vulnera-
bility. Contribution of Working Group Il to the Fourth Assessment Report of the Intergovernmental
Panel on Climate Change. Parry ML, Canziani OF, Palutikof JP, van der Linden PJ, Hanson CE, edi-
tors. Cambridge: Cambridge University Press; 2007. Available from: http://www.ipcc.ch/publications_
and_data/ar4/wg2/en/contents.html.

Ackerman F, Stanton EA. Climate risks and carbon prices: Revising the social cost of carbon. Econom-
ics: The Open-Access, Open-Assessment E-Journal. 2012; 6:1-25.

Barrett S. Climate treaties and the imperative of enforcement. Oxford Review of Economic Policy.
2008; 24:239-258. doi: 10.1093/oxrep/grn015

Aakre S, Hovi J. Emission trading: Participation enforcement determines the need for compliance
enforcement. European Union Politics. 2010; 11:427-445. doi: 10.1177/1465116510369265

United Nations Framework Convention on Climate Change. Report of the Conference of the Parties on
its seventh session, held at Marrakesh from 29 October to 10 November 2001. Addendum. Part II:

PLOS ONE | DOI:10.1371/journal.pone.0132272  August 5, 2015 18/20


http://www.ipcc.ch/report/ar5/wg1/
http://dx.doi.org/10.1371/journal.pone.0081648
http://www.ncbi.nlm.nih.gov/pubmed/24312568
http://www.ipcc.ch/report/ar5/wg2/
http://www.ipcc.ch/report/ar5/wg2/
http://www.ipcc.ch/report/ar5/wg3/
http://www.ipcc.ch/report/ar5/wg3/
https://unfccc.int/kyoto_protocol/items/2830.php
https://unfccc.int/kyoto_protocol/items/2830.php
http://hdl.handle.net/10986/13401
http://hdl.handle.net/10986/13400
http://hdl.handle.net/10986/13336
http://hdl.handle.net/10986/15771
http://www.ipcc.ch/publications_and_data/ar4/wg2/en/contents.html
http://www.ipcc.ch/publications_and_data/ar4/wg2/en/contents.html
http://dx.doi.org/10.1093/oxrep/grn015
http://dx.doi.org/10.1177/1465116510369265

@’PLOS ’ ONE

Cooperative Emissions Trading Game

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Action taken by the Conference of the Parties. Volume IIl; 2002. Available from: http://unfccc.int/bodies/
body/6383/php/view/reports.php.

Curry, B, McCarthy, S. Canada formally abandons Kyoto Protocol on climate change. The Globe and
Mail (December 12, 2011); 2011. Available from: http://www.theglobeandmail.com/news/politics/
canada-formally-abandons-kyoto-protocol-on-climate-change/article4180809/.

The Asahi Shimbun. Japan should not walk away from Kyoto Protocol (December 13,2011); 2011.
Available from: http://ajw.asahi.com/article/views/editorial/AJ201112130008.

United Nations Framework Convention on Climate Change. Doha Amendment to the Kyoto Protocol;
2012. Available from: http://unfccc.int/kyoto_protocol/doha_amendment/items/7362.php.

United Nations Framework Convention on Climate Change. Total CO, Emissions without Land Use,
Land-Use Change and Forestry; 2014. Available from: http://unfccc.int/ghg_data/ghg_data_unfccc/
time_series_annex_i/items/3814.php.

Hagem C, Holtsmark B. From small to insignificant: Climate impact of the Kyoto Protocol with and with-
out US. Policy Note 2001:1. Oslo: CICERO; 2001. Available from: http://www.cicero.uio.no/
publications/detail.aspx?id=1315&lang = en.

Bohringer C. Climate politics from Kyoto to Bonn: From little to nothing? The Energy Journal. 2002;
23:51-71.

Springer U. The market for tradable GHG permits under the Kyoto Protocol: A survey of model studies.
Energy Economics. 2003; 25:527-551. doi: 10.1016/S0140-9883(02)00103-2

Springer U, Varilek M. Estimating the price of tradable permits for greenhouse gas emissions in
2008-12. Energy Policy. 2004; 32:611-621. doi: 10.1016/S0301-4215(02)00313-0

Nordhaus WD. Global Warming Economics. Science. 2001; 294:1283-1284. doi: 10.1126/science.
1065007 PMID: 11701912

Manne A, Richels R. US rejection of the Kyoto Protocol: The impact on compliance costs and CO,
emissions. Energy Policy. 2004; 32:447-454. doi: 10.1016/S0301-4215(03)00147-2

Montgomery WD. Markets in licenses and efficient pollution control programs. Journal of Economic
Theory. 1972; 5:395-418. doi: 10.1016/0022-0531(72)90049-X

Hahn RW. Market power and transferable property rights. The Quarterly Journal of Economics. 1984;
99:753-765. doi: 10.2307/1883124

Maeda A. The emergence of market power in emission rights markets: The role of initial permit distribu-
tion. Journal of Regulatory Economics. 2003; 24:293-314. doi: 10.1023/A:1025602922918

Godal O, Meland F. Permit markets, seller cartels and the impact of strategic buyers. The BE Journal of
Economic Analysis & Policy. 2010; 10:Article 29.

Carraro C, Siniscalco D. Strategies for the international protection of the environment. Journal of Public
Economics. 1993; 52:309-328. doi: 10.1016/0047-2727(93)90037-T

Barrett S. Self-enforcing international environmental agreements. Oxford Economic Papers. 1994;
46:878-894.

Carraro C, Siniscalco D. International environmental agreements: Incentives and political economy.
European Economic Review. 1998; 42:561-572. doi: 10.1016/S0014-2921(97)00118-9

Dutta PK, Radner R. Self-enforcing climate-change treaties. PNAS. 2004; 101:5174-5179. doi: 10.
1073/pnas.0400489101 PMID: 15051875

Asheim GB, Froyn CB, Hovi J, Menz FC. Regional versus global cooperation for climate control. Jour-
nal of Environmental Economics and Management. 2006; 51:93-109. doi: 10.1016/j.jeem.2005.04.004

Pittel K, Rubbelke DTG. Climate policy and ancillary benefits: A survey and integration into the model-
ling of international negotiations on climate change. Ecological Economics. 2008; 68:210-220. doi: 10.
1016/j.ecolecon.2008.02.020

DeCanio SJ, Fremstad A. Game theory and climate diplomacy. Ecological Economics. 2013;
85:177—-187. doi: 10.1016/j.ecolecon.2011.04.016

Wood PJ. Climate change and game theory. Annals of the New York Academy of Sciences. 2011;
1219:153-170. doi: 10.1111/j.1749-6632.2010.05891.x PMID: 21332497

Madani K. Modeling international climate change negotiations more responsibly: Can highly simplified
game theory models provide reliable policy insights? Ecological Economics. 2013; 90:68-76. doi: 10.
1016/j.ecolecon.2013.02.011

von Neumann J, Morgenstern O. Theory of Games and Economic Behavior. Sixtieth-anniversary ed.
Princeton: Princeton University Press; 2004.

PLOS ONE | DOI:10.1371/journal.pone.0132272  August 5, 2015 19/20


http://unfccc.int/bodies/body/6383/php/view/reports.php
http://unfccc.int/bodies/body/6383/php/view/reports.php
http://www.theglobeandmail.com/news/politics/canada-formally-abandons-kyoto-protocol-on-climate-change/article4180809/
http://www.theglobeandmail.com/news/politics/canada-formally-abandons-kyoto-protocol-on-climate-change/article4180809/
http://ajw.asahi.com/article/views/editorial/AJ201112130008
http://unfccc.int/kyoto_protocol/doha_amendment/items/7362.php
http://unfccc.int/ghg_data/ghg_data_unfccc/time_series_annex_i/items/3814.php
http://unfccc.int/ghg_data/ghg_data_unfccc/time_series_annex_i/items/3814.php
http://www.cicero.uio.no/publications/detail.aspx?id=1315&lang�=�en
http://www.cicero.uio.no/publications/detail.aspx?id=1315&lang�=�en
http://dx.doi.org/10.1016/S0140-9883(02)00103-2
http://dx.doi.org/10.1016/S0301-4215(02)00313-0
http://dx.doi.org/10.1126/science.1065007
http://dx.doi.org/10.1126/science.1065007
http://www.ncbi.nlm.nih.gov/pubmed/11701912
http://dx.doi.org/10.1016/S0301-4215(03)00147-2
http://dx.doi.org/10.1016/0022-0531(72)90049-X
http://dx.doi.org/10.2307/1883124
http://dx.doi.org/10.1023/A:1025602922918
http://dx.doi.org/10.1016/0047-2727(93)90037-T
http://dx.doi.org/10.1016/S0014-2921(97)00118-9
http://dx.doi.org/10.1073/pnas.0400489101
http://dx.doi.org/10.1073/pnas.0400489101
http://www.ncbi.nlm.nih.gov/pubmed/15051875
http://dx.doi.org/10.1016/j.jeem.2005.04.004
http://dx.doi.org/10.1016/j.ecolecon.2008.02.020
http://dx.doi.org/10.1016/j.ecolecon.2008.02.020
http://dx.doi.org/10.1016/j.ecolecon.2011.04.016
http://dx.doi.org/10.1111/j.1749-6632.2010.05891.x
http://www.ncbi.nlm.nih.gov/pubmed/21332497
http://dx.doi.org/10.1016/j.ecolecon.2013.02.011
http://dx.doi.org/10.1016/j.ecolecon.2013.02.011

@’PLOS ‘ ONE

Cooperative Emissions Trading Game

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Parrachino |, Zara S, Patrone F. Cooperative game theory and its application to natural, environmental
and water resource issues: 1. Basic theory. World Bank Policy Research Working Paper 4072. Wash-
ington, DC: World Bank; 2006. Available from: http://dx.doi.org/10.1596/1813-9450-4072.

Peleg B, Sudhdlter P. Introduction to the Theory of Cooperative Games. 2nd ed. Berlin: Springer; 2007.

Shapley LS. A value for n-person games. In: Kuhn HW, Tucker AW, editors. Contribution to the Theory of
Games Il, Annals of Mathematics Studies 28. Princeton: Princeton University Press; 1953. p. 307-317.

Loehman E, Orlando J, Tschirhart J, Whinston A. Cost allocation for a regional wastewater treatment
system. Water Resources Research. 1979; 15:193-202. doi: 10.1029/WR015i002p00193

Parrachino |, Dinar A, Patrone F. Cooperative game theory and its application to natural, environmental,
and water resource issues: 3. Application to water resources. World Bank Policy Research Working
Paper 4074. Washington, DC: World Bank; 2006. Available from: http://dx.doi.org/10.1596/1813-
9450-4074.

Zara S, Dinar A, Patrone F. Cooperative game theory and its application to natural, environmental, and
water resource issues: 2. Application to natural and environmental resources. World Bank Policy
Research Working Paper 4073. Washington, DC: World Bank; 2006. Available from: http://dx.doi.org/
10.1596/1813-9450-4073.

Madani K. Game theory and water resources. Journal of Hydrology. 2010; 381:225-238. doi: 10.1016/j.
jhydrol.2009.11.045

Bailey M, Sumaila UR, Lindroos M. Application of game theory to fisheries over three decades. Fisher-
ies Research. 2010; 102:1-8. doi: 10.1016/j.fishres.2009.11.003

Shapley LS, Shubik M. On the core of an economic system with externalities. American Economic
Review. 1969; 59:678-684.

Foley D. Lindahl’s solution and the core of an economy with public goods. Econometrica. 1970; 38:
66-72. doi: 10.2307/1909241

Chander P, Tulkens H. The core of an economy with multilateral environmental externalities. Interna-
tional Journal of Game Theory. 1997; 26:379—-401. doi: 10.1007/BF01263279

Uzawa H. Global warming as a cooperative game. Environmental Economics and Policy Studies.
1999; 2:1-37. doi: 10.1007/BF03353901

Finus M, Rubbelke DTG. Public good provision and ancillary benefits: The case of climate agreements.
Environmental and Resource Economics. 2013; 56:211-226. doi: 10.1007/s10640-012-9570-6

Shapley LS, Shubik M. A method for evaluating the distribution of power in a committee system. The
American Political Science Review. 1954; 48:787-792. doi: 10.2307/1951053

New Energy and Industrial Technology Development Organization, Japan. Kyoto mechanisms; 2012.
Available from: http://www.nedo.go.jp/english/introducing_project1_10.html.

Duffield JS, Woodall B. Japan’s new basic energy plan. Energy Policy. 2011; 39:3741-3749. doi: 10.
1016/j.enpol.2011.04.002

Federation of Electric Power Companies of Japan. Electricity Generated and Purchased in February 2015
(Bulletin); 2015. Available from: http://www.fepc.or.jp/english/news/generated_purchased/index.html.

Honijo K, Fujii M. Impacts of demographic, meteorological, and economic changes on household CO,
emissions in the 47 prefectures of Japan. Regional Science Policy & Practice. 2014; 6:13-30. doi: 10.
1111/rsp3.12013

New Energy and Industrial Technology Development Organization, Japan. News release (19 March,
2009); 2009. Available from: http://www.nedo.go.jp/news/press/AA5_0063A.html.

New Energy and Industrial Technology Development Organization, Japan. News release (31 March,
2009); 2009. Available from: http://www.nedo.go.jp/news/press/AA5_0075A.html.

Dinar A, Howitt RE. Mechanisms for allocation of environmental control cost: Empirical tests of accept-
ability and stability. Journal of Environmental Management. 1997; 49:183—-203. doi: 10.1006/jema.
1995.0088

Madani K, Dinar A. Cooperative institutions for sustainable common pool resource management: Appli-
cation to groundwater. Water Resources Research. 2012; 48:W09553. doi: 10.1029/2011WR010849

Madani K, Hooshyar M. A game theory-reinforcement learning (GT-RL) method to develop optimal
operation policies for multi-operator reservoir systems. Journal of Hydrology. 2014; 519:732—742. doi:
10.1016/j.jhydrol.2014.07.061

Read L, Madani K, Inanloo B. Optimality versus stability in water resource allocation. Journal of Envi-
ronmental Management. 2014; 133:343-354. doi: 10.1016/j.jenvman.2013.11.045 PMID: 24412983

Gately D. Sharing the gains from regional cooperation: A game theoretic application to planning invest-
ment in electric power. International Economic Review. 1974; 15:195-208. doi: 10.2307/2526099

PLOS ONE | DOI:10.1371/journal.pone.0132272  August 5, 2015 20/20


http://dx.doi.org/10.1596/1813-9450-4072
http://dx.doi.org/10.1029/WR015i002p00193
http://dx.doi.org/10.1596/1813-9450-4074
http://dx.doi.org/10.1596/1813-9450-4074
http://dx.doi.org/10.1596/1813-9450-4073
http://dx.doi.org/10.1596/1813-9450-4073
http://dx.doi.org/10.1016/j.jhydrol.2009.11.045
http://dx.doi.org/10.1016/j.jhydrol.2009.11.045
http://dx.doi.org/10.1016/j.fishres.2009.11.003
http://dx.doi.org/10.2307/1909241
http://dx.doi.org/10.1007/BF01263279
http://dx.doi.org/10.1007/BF03353901
http://dx.doi.org/10.1007/s10640-012-9570-6
http://dx.doi.org/10.2307/1951053
http://www.nedo.go.jp/english/introducing_project1_10.html
http://dx.doi.org/10.1016/j.enpol.2011.04.002
http://dx.doi.org/10.1016/j.enpol.2011.04.002
http://www.fepc.or.jp/english/news/generated_purchased/index.html
http://dx.doi.org/10.1111/rsp3.12013
http://dx.doi.org/10.1111/rsp3.12013
http://www.nedo.go.jp/news/press/AA5_0063A.html
http://www.nedo.go.jp/news/press/AA5_0075A.html
http://dx.doi.org/10.1006/jema.1995.0088
http://dx.doi.org/10.1006/jema.1995.0088
http://dx.doi.org/10.1029/2011WR010849
http://dx.doi.org/10.1016/j.jhydrol.2014.07.061
http://dx.doi.org/10.1016/j.jenvman.2013.11.045
http://www.ncbi.nlm.nih.gov/pubmed/24412983
http://dx.doi.org/10.2307/2526099

