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Chapter 1

Introduction

How should we act in the society? Economists have approached this question using the
assumption of economic human (homo economicus). An economic human is an indi-
vidual with complete rationality. The economic human calculates all costs and benefits
associated with its action, and chooses the optimal action to maximize the net benefit.
The basic competitive model in economics describes a market in which many rational
individuals act according to price information [1]. In a competitive market, all costs and
benefits associated with goods are included in price. Moreover, no one has market power
to control price. Therefore each agent needs not to consider other agents’ actions, and
can choose the optimal action based on price information, the budget constraint, and the
utility function. Kenneth Arrow and Gerard Debreu demonstrated that a competitive
market achieves a Pareto efficient allocation of resources [2,3]. This result, which is well
known as the first fundamental theorem of welfare economics, shows an ideal society
formed by economic humans.

Clearly, the society described by the basic competitive model is different from the
real society. Competition in our society is usually imperfect, and the assumption of the
basic competitive model is not realistic. Under imperfect competition, we are forced to
play games. A game is a situation in which each agent’s benefit is influenced by other
agents’ actions. Our society consists of various kinds of games: job hunting, investing,
marrying, bargaining, and wars. Game theory, established by John von Neumann and
Oskar Morgenstern [4], is a useful tool to analyze decision making under games. Game
theory has been developed mainly in economics, but now has a variety of applications
(e.g. evolutionary game theory in biology [5]).

Games are classified into two major groups: non-cooperative and cooperative. Non-
cooperative games focus on decision making of self-interest individuals. Participants in a
game are called players. Each player chooses a strategy from a set of strategies. A player’s
payoff is determined by a combination of strategies for all players (a strategy profile). A
strategy profile achieved by players is a solution of a non-cooperative game. The Nash
equilibrium, which was formulated by John Nash [6, 7], is the most popular solution
concept in non-cooperative games. The Nash equilibrium gives the set of profiles at which
every player’s strategy is the best response to other players’ strategies. Under the Nash
equilibrium, no one has incentive to change its strategy. The Nash equilibrium is used to
describe decision making of rational individuals. It is important that the Nash equilibrium
may not satisfy Pareto efficiency. A well-known example is the prisoner’s dilemma [1,
5]. In the prisoner’s dilemma, the players are attracted to a Pareto inefficient Nash
equilibrium. The prisoner’s dilemma clearly shows that the society formed by economic
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humans is not always efficient. The mismatch between individual and social rationality
is called a social dilemma [8]. Social dilemmas are closely relevant to environmental
problems [9, 10].

We often cooperate with other people to gain larger benefits (e.g. coalitions, cartels,
and international agreements). Benefits from cooperation are allocated to the members
through bargaining. Cooperative games (coalitional games) focus on a set of win-win
payoff allocations which satisfy both individual and social rationality. The basis of coali-
tional games was given by von Neumann and Morgenstern [4]. In a coalitional game,
each player is allowed to form a coalition with other players. Usually, the formation of
the grand coalition containing all players is assumed. A coalition acts like an individual
and gains a payoff. The collective payoff of the coalition is allocated to the members. A
payoff allocation achieved by players is a solution of a coalitional game. Shapley value,
which was proposed by Lloyd Shapley [11], is a popular solution concept in coalitional
games. Shapley value gives a unique payoff allocation which satisfies social rationality
(Pareto efficiency) [12]. If a coalitional game satisfies superadditivity, Shapley value also
satisfies individual rationality [12]. The individual rationality means that every player
benefits from the coalition. This condition is necessary for the stability of the coalition.
An interesting application of Shapley value is the Shapley-Shubik power index calculated
by Lloyd Shapley and Martin Shubik [13]. They showed that Shapley value can be used
to evaluate bargaining power of players.

This doctoral thesis introduces two game-theoretic models developed by the author:
mosquito net game and cooperative emissions trading (CET) game. First, the mosquito
net game is a non-cooperative game to understand why insecticide-treated nets (ITNs)
distributed to malaria endemic areas were used for fishery and agriculture. The Nash
equilibrium of the game suggests that alternative ITN use can be an individually rational
strategy in low-income areas. Chapter 2 is devoted to the mosquito net game. Results
from the two-player game were published in Parasitology [14], and the extension to the
N -player game was published in Journal of Theoretical Biology [15]. Second, the CET
game is a coalitional game to explain why international emissions trading under the Kyoto
Protocol has suffered from low permit prices. By calculating Shapley value of the game,
I demonstrated that a buyer can suppress permit price to a low level through bargaining
with sellers. Chapter 3 is devoted to the CET game. As of January 2015, results from
the CET game are unpublished.
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Figure 2.1: Alternative ITN uses observed in Kenya. ITNs are used for drying fish (Panel A)
and protecting crops (Panels B–D). Photos were taken by Akiko Satake in July 2012.

Chapter 2

Non-cooperative Game for Malaria
Prevention

2.1 Introduction

Malaria, transmitted by Anopheles, has threatened health of people living in tropical and
subtropical areas. Social and economic damage from malaria is severe in sub-Saharan
Africa. According to World Health Organization (WHO) [16], the number of malaria cases
per 100,000 people was 38,424 in Guinea, 35,357 in Central African Republic, and 34,586
in Congo (point estimates for 2012). The costs for malaria prevention and treatment
have hampered economic growth of the endemic countries [17].

In order to eliminate malaria, governmental and non-governmental organizations have
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distributed insecticide-treated nets (ITNs) to the endemic areas free of charge or at
subsidized prices [16]. ITNs kill mosquitoes which contact the nets, and protect people
sleeping inside the nets from mosquito bites. Several authors have reported that the
distribution of ITNs contributed to the reduction of malaria deaths. In Kenya, an increase
in ITN coverage from 7% to 67% resulted in a 44% reduction of mortality caused by
malaria [18]. In Vanuatu in the South Pacific Ocean, the number of malaria cases was
reduced by at least 50% when at most 20% of the population at risk was covered by
ITNs [19]. The use of ITNs was effective for protection of children under five years old
who are vulnerable to malaria [20].

However, some authors report that ITNs were used for economic activities such as
fishery and agriculture. In major fishing villages in western Kenya, a considerable number
of ITNs were used for catching and drying fish [21]. Figure 2.1 shows alternative ITN uses
observed in Kenya. In Ethiopia, some people used ITNs for drying grain and tying cattle
to a tree [22]. Similar ITN misuses were also observed in Timor-Leste in Southeast Asia
[23]. These ITN misuses reduce public health benefits expected from ITN distribution.
Why do people threatened by malaria use ITNs for alternative purposes? In order to
understand this problem, I developed the mosquito net game, and analyzed decision
making of ITN users.

2.2 Mosquito net game

2.2.1 Structure of the game

We consider a society formed by N players (N ≥ 2). The set of players is N :=
{1, 2, . . . , N}. The society suffers from malaria, and each player is infected by malaria
at probability P . If a player is infected by malaria, its labor productivity (income per
capita) declines from L to zero. Suppose that ITNs are available free of charge. Each
player chooses a strategy about the use of ITNs. The set of strategies is Σ := {T,F}.
A player with strategy T uses ITNs for malaria prevention, and decreases its infection
probability. A player with strategy F uses ITNs for economic activities, and increases its
labor productivity. Let σi ∈ Σ be the strategy of player i ∈ N. A profile of strategies is
written as (σ1, σ2, . . . , σN). The N -player mosquito net game has 2N profiles.

For simplicity, we abbreviate a profile as (σi,m−i). m−i ∈ {0, 1, . . . , N − 1} is the
number of players with strategy T except player i. The infection probability of player i
at a profile (σi,m−i) is

pi(σi,m−i) :=

{
α1α

m−i+1
2 P (σi = T)

α
m−i

2 P (σi = F)
, (2.1)

where α1 ∈ (0, 1) and α2 ∈ (0, 1) denote individual and (per capita) community effects
of ITNs, respectively. The individual effect decreases the infection probability for every
player with strategy T by protecting it from mosquito bites [18–20]. The community effect
decreases the infection probability for every player. Properly-used ITNs kill mosquitoes
which contact the nets, and decrease the risk of malaria infection for the whole community
[24–26]. Assume that the community effect intensifies as the number of proper ITN users
increases. When m ∈ {0, 1, . . . , N} players have strategy T, the community effect of the
whole society is αm

2 .
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Table 2.1: Conditions for Nash equilibria of the N-player mosquito net game. P0 = (β −
1)/(β − α1α2), Pk = P0/α

k
2 , and k ∈ {1, 2, . . . , N − 1}.

Type Profile Condition

All-F (F, 0) P ∈ [0, P0]
k-th degree free-rider (T, k − 1) and (F, k) P ∈ [Pk−1, Pk]
All-T (T, N − 1) P ∈ [PN−1, 1]

The labor productivity of player i at a profile (σi,m−i) is

li(σi,m−i) :=

{
L (σi = T)

βL (σi = F)
, (2.2)

The parameter β ∈ (1,∞) represents the misuse effect of ITNs, which increases labor
productivity of every player with strategy F.

The expected payoff of player i at a profile (σi,m−i) is given by

Ui(σi,m−i) = pi(σi,m−i)× 0 + (1− pi(σi,m−i))× li(σi,m−i)

=

{
(1− α1α

m−i+1
2 P )L (σi = T)

(1− α
m−i

2 P )βL (σi = F)
. (2.3)

Each player chooses a strategy based on this payoff function.

2.2.2 Nash equilibrium

The Nash equilibrium is the set of profiles at which every player’s strategy is the best
response to other players’ strategies [6,7]. At a Nash equilibrium, no player has incentive
to change its strategy. TheN -player mosquito net game has three types of Nash equilibria:
all-F, free-rider, and all-T. At the all-F (all-T) Nash equilibrium, every player has strategy
F (strategy T). At the free-rider Nash equilibrium, k players have strategy T and other
players have strategy F. The number k ∈ {1, 2, . . . , N − 1} is called the degree of the
free-rider Nash equilibrium. In economics, free riding means that someone benefits from
goods or services provided by others without paying costs [1, 10]. At the free-rider Nash
equilibrium, players with strategy F free ride on the community effect provided by players
with strategy T. Table 2.1 shows the conditions for the Nash equilibria. The conditions
are derived as follows.

The all-F profile is a Nash equilibrium if Ui(F, 0) ≥ Ui(T, 0). Solving this inequality
with respect to P gives

P ∈ [0, P0], P0 :=
β − 1

β − α1α2

. (2.4)

The k-th degree free-rider Nash equilibrium requires two inequalities. For player i with
strategy T, Ui(T, k−1) ≥ Ui(F, k−1). For player j with strategy F, Uj(F, k) ≥ Uj(T, k).
From these inequalities,

P ∈ [Pk−1, Pk], Pk :=
P0

αk
2

. (2.5)

The all-T profile is a Nash equilibrium if Ui(T, N − 1) ≥ Ui(F, N − 1). From this
inequality,

P ∈ [PN−1, 1], PN−1 :=
P0

αN−1
2

. (2.6)

9



Pareto 

superior 

𝑈1 

𝑈2 

𝐮 𝑠′  

Pareto 

inferior 

𝑈1 

𝑈2 

𝐮 𝑠′  

A B 

Figure 2.2: Pareto superior and inferior regions to a payoff vector u(s′) (N = 2).

2.2.3 Pareto efficiency

A payoff allocation satisfies Pareto efficiency (Pareto optimality) if no player can increase
its payoff without decreasing other player’s payoff [1,10,12]. The Pareto efficiency means
that the social benefit is allocated to the members with no loss. If the players of the
mosquito net game are attracted to a Pareto efficient Nash equilibrium, the payoff alloca-
tion satisfies both individual and social rationality. A Pareto inefficient Nash equilibrium
is a social dilemma, at which the players fail to achieve an efficient payoff allocation
(e.g. the prisoner’s dilemma [1,5, 8, 9]).

Let S := {(σ1, σ2, . . . , σN) | σi ∈ Σ, i ∈ N} be the universal set of profiles. A
profile s∗ ∈ S is Pareto efficient if there is no profile s ∈ S such that Ui(s) ≥ Ui(s

∗)
for every player i and Uj(s) > Uj(s

∗) for a player j. This definition is rewritten as
follows: A profile is Pareto efficient if the profile is Pareto inferior to all profiles. Let
u(s) := (U1(s), U2(s), . . . , UN(s)) be the payoff vector at a profile s. u(s) is Pareto
superior to the payoff vector u(s′) at a profile s′ ∈ S if

u(s) ∈ P(s′), P(s′) :=

(
N∏
i=1

[Ui(s
′),∞)

)
\ {u(s′)}, (2.7)

where P(s′) is the Pareto superior region to u(s′). Panel A of Figure 2.2 shows P(s′) in
the case of N = 2. By moving from u(s′) to P(s′), at least one player can increase its
payoff without decreasing other player’s payoff. The complement of P(s′) in the whole
region [0,∞)N is the Pareto inferior region

PC(s′) := [0,∞)N \P(s′). (2.8)

Panel B of Figure 2.2 shows PC(s′) in the case of N = 2. The shift from u(s′) to PC(s′)
maintains the payoff vector or decreases at least one player’s payoff. A payoff vector u(s∗)
is Pareto efficient if

{u(s) | s ∈ S} ⊂ PC(s∗). (2.9)

All profiles are Pareto inferior to a Pareto efficient profile. The N -player mosquito net
game has three types of Pareto efficiency: all-T, free-rider, and all-T. Table 2.2 shows
the conditions for the Pareto efficient solutions. The conditions are derived as follows.
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Table 2.2: Conditions for Pareto efficient solutions of the N-player mosquito net game.
P ∗
0 = (β − 1)/(β − α1α

N
2 ), P ∗

k = (β − 1)/(αk
2β − α1α

N
2 ), and k ∈ {1, 2, . . . , N − 1}.

Type Profile Condition

All-F (F, 0) P ∈ [0, P ∗
0 ]

k-th degree free-rider (T, k − 1) and (F, k) P ∈ [0, P ∗
k )

All-T (T, N − 1) P ∈ [P ∗
0 , 1]

All-F Pareto efficiency

Let Sm ⊂ S, m ∈ {0, 1, . . . , N} be the set of profiles at which m players have strategy
T. The all-F profile s0 = (F, 0), which is the unique element of S0, is Pareto efficient
if {u(s) | s ∈ S} ⊂ PC(s0). By the definition of Pareto inferiority (Figure 2.2), every
profile is Pareto inferior to itself:

u(s0) ∈ PC(s0). (2.10)

The all-T profile sN = (T, N − 1), which is the unique element of SN , is Pareto inferior
to the all-F profile if Ui(F, 0) ≥ Ui(T, N − 1). From this inequality,

u(sN) ∈ PC(s0) ↔ P ∈ [0, P ∗
0 ], P ∗

0 :=
β − 1

β − α1αN
2

. (2.11)

Under this condition, all free-rider profiles are Pareto inferior to the all-F profile. Sk

contains free-rider profiles with degree k ∈ K := {1, 2, . . . , N − 1}. At a k-th degree
free-rider profile sk ∈ Sk, k players have strategy T, and other players have strategy
F. The profiles for T-player and F-player are (T, k − 1) and (F, k), respectively. Since
Ui(F, 0) < Ui(F, k), the inequality Ui(F, 0) > Ui(T, k − 1) is necessary for the Pareto
inferiority of sk to s0. Under the condition (2.11), Ui(F, 0) ≥ Ui(T, N −1) > Ui(T, k−1).
Hence

∀k
(
P ∈ [0, P ∗

0 ] → {u(sk) | sk ∈ Sk} ⊂ PC(s0)
)
. (2.12)

All profiles are Pareto inferior to the all-F profile if P ∈ [0, P ∗
0 ].

Free-rider Pareto efficiency

Every k-th degree free-rider profile is Pareto efficient if {u(s) | s ∈ S} ⊂ PC(sk). Free-
rider profiles with the same degree are Pareto inferior to each other. Suppose that the
players shift from sk to s′k ∈ Sk. If sk = s′k, the payoff vector does not change. If sk ̸= s′k,
at least one player changes its strategy. The number of players switching from T to F is
equal to the number of players switching from F to T. If a player increases its payoff by
switching from T to F, there exists a player which decreases its payoff by switching from
F to T. Thus the shift from sk to s′k maintains the payoff vector or decreases at least one
player’s payoff:

∀k ∀sk
(
{u(s′k) | s′k ∈ Sk} ⊂ PC(sk)

)
. (2.13)

Since Ui(F, k) > Ui(F, 0), the all-F profile is Pareto inferior to all free-rider profiles:

∀k ∀sk
(
u(s0) ∈ PC(sk)

)
. (2.14)

Suppose that the players shift from a k-th degree free-rider profile to the all-T profile.
In this case, (N − k) players switch from F to T, and other players hold T. Since
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Ui(T, k − 1) < Ui(T, N − 1), the inequality Ui(F, k) > Ui(T, N − 1) is necessary for the
Pareto inferiority of sN to sk. From this inequality,

∀k ∀sk
(
u(sN) ∈ PC(sk) ↔ P ∈ [0, P ∗

k )
)
, (2.15)

where

P ∗
k :=

β − 1

αk
2β − α1αN

2

.

Finally, we consider the case where the players shift from a k-th degree free-rider profile
to free-rider profiles with a different degree l ∈ L := {1, 2, . . . , k− 1, k+1, . . . , N − 1}. If
l < k, at least one player holds its strategy, or every player changes its strategy. In the
former case, at least one player decreases its payoff because of Ui(T, k− 1) > Ui(T, l− 1)
and Ui(F, k) > Ui(F, l). In the latter case, no player can increase its payoff without
decreasing other player’s payoff. If k < l, at least one player switches from F to T. Under
the condition (2.15), Ui(F, k) > Ui(T, N − 1) > Ui(T, l − 1), and the switch from F to T
decreases the player’s payoff. Hence

∀k ∀sk ∀l
(
P ∈ [0, P ∗

k ) → {u(sl) | sl ∈ Sl} ⊂ PC(sk)
)
. (2.16)

All profiles are Pareto inferior to every k-th degree free-rider profile if P ∈ [0, P ∗
k ).

All-T Pareto efficiency

The all-T profile is Pareto efficient if {u(s) | s ∈ S} ⊂ PC(sN). Similar to Eq. (2.10),

u(sN) ∈ PC(sN). (2.17)

Since Ui(T, N − 1) > Ui(T, k − 1), the shift from sN to sk decreases at least one player’s
payoff. Hence all free-rider profiles are Pareto inferior to the all-T profile:

∀k
(
{u(sk) | sk ∈ Sk} ⊂ PC(sN)

)
, (2.18)

The all-F profile is Pareto inferior to the all-T profile if Ui(T, N − 1) ≥ Ui(F, 0). From
this inequality,

u(s0) ∈ PC(sN) ↔ P ∈ [P ∗
0 , 1]. (2.19)

All profiles are Pareto inferior to the all-T profile if P ∈ [P ∗
0 , 1].

2.3 Results and discussion

2.3.1 Individual and social rationality in ITN misuse

From Tables 2.1 and 2.2, the conditions for Pareto efficient Nash equilibria (PNE) and
social dilemmas (SDs) are derived (Table 2.3). The distribution of the solutions is illus-
trated as Figure 2.3. As the infection probability (P ) increases, the Nash equilibrium
shifts from all-F to free-rider, and then shifts to all-T. If the infection probability is lower
than P0, the benefit from alternative ITN use exceeds the damage from malaria infection,
and all players use ITNs for economic activities. If the infection probability lies between
Pk−1 and Pk, (N − k) players switch from strategy F to strategy T, and use ITNs for
malaria prevention. The other players free ride on the community effect provided by the
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Table 2.3: Conditions for Pareto efficient Nash equilibria (PNE) and social dilemmas (SDs)
of the N-player mosquito net game.

Solution Condition

All-F PNE P ∈ [0, P ∗
0 ]

All-F SD P ∈ (P ∗
0 , P0]

k-th degree free-rider PNE P ∈ [Pk−1, P
∗
k )

k-th degree free-rider SD P ∈ [P ∗
k , Pk]

All-T PNE P ∈ [PN−1, 1]
All-T SD P ∈ ∅

All-F 

Nash 

1st degree 

free-rider 

Nash  
𝑘-th degree 

free-rider 

Nash  

𝑘 + 1 -th degree 

free-rider Nash  

𝑁 − 1 -th degree 

free-rider Nash  

All-T 

Nash 

0 

𝑃0
∗ 𝑃0 𝑃1 𝑃1

∗ 

𝑃 

≈
 

≈
 

≈
 

≈
 

𝑃𝑘−1 𝑃𝑘
∗ 𝑃𝑘  𝑃𝑘+1

∗  𝑃𝑘+1 

𝑃𝑁−2 𝑃𝑁−1 1 

Pareto efficient Nash equilibrium (PNE) 

Social dilemma (SD) 

Figure 2.3: Distribution of PNE and SDs of the N-player mosquito net game. The number
of players with strategy T (degree k) increases as the infection probability (P ) increases. P ∗

k approaches
Pk as k approaches N − 1. The (N − 1)-th degree free-rider Nash equilibrium is Pareto efficient except
at the right-side edge P = PN−1. The all-T Nash equilibrium is always Pareto efficient.

proper ITN users. If the infection probability is higher than PN−1, the risk of malaria in-
fection is high, and all players use ITNs for malaria prevention. The distribution of Nash
equilibria indicates that alternative ITN use can be an individually rational strategy. The
region of the all-F Nash equilibrium always exists inside the domain [0, 1]. Meanwhile, the
region of the all-T Nash equilibrium is pushed out of the domain [0, 1] if α2 is sufficiently
small (i.e., if the community effect is sufficiently strong). In this case, at least one player
misuses ITNs regardless of the infection probability. A strong community effect benefits
free riders. Therefore ITNs may be used for alternative purposes even if the infection
probability is high.

Surprisingly, alternative ITN use can be a socially rational strategy. The all-F Nash
equilibrium is Pareto efficient if the infection probability is lower than P ∗

0 . The k-th degree
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Figure 2.4: Distribution of Nash equilibria of the N-player mosquito net game (α1 = 0.6,
α2 = 0.99, N = 100). A higher misuse effect means a lower labor productivity.

free-rider Nash equilibrium is Pareto efficient if the infection probability lies between Pk−1

and P ∗
k . If the players are attracted to these solutions, alternative ITN use satisfies both

individual and social rationality. The all-F Nash equilibrium loses Pareto efficiency if
the infection probability is higher than P ∗

0 . In the region of the all-F social dilemma,
the all-T profile is Pareto efficient, but the players are attracted to the all-F profile. If
the infection probability lies between P ∗

k and Pk, the players are attracted to the k-th
free-rider social dilemma. The length of the interval [P ∗

k , Pk] is

Pk − P ∗
k =

α1α2P0P
∗
k (1− αN−k−1

2 )

(β − 1)
, (2.20)

which approaches zero as degree k approaches N − 1. Hence the (N − 1)-th degree free-
rider Nash equilibrium is Pareto efficient except at the right side edge P = PN−1. In
a society containing more than two players, free riding may lead to an inefficient payoff
allocation. The all-T Nash equilibrium is always Pareto efficient.

2.3.2 Poverty and ITN misuse

Malaria is called a disease of poverty. As pointed out by Sachs and Malaney [17], most of
the malaria endemic areas are located in low-income developing countries. This observa-
tion is explained by a positive feedback between poverty and malaria. Poverty promotes
malaria transmission by limited expenditures on malaria prevention and treatment, and
social and economic damage caused by malaria accelerate poverty. Is there any relation-
ship between poverty and ITN misuse? From the mosquito net game, I found that low
labor productivity encourages people to use ITNs for economic activities.

Labor productivity (L) has no direct impact on the distribution of the solutions, but
indirectly influences it through the misuse effect (β). Let ∆L ∈ [0,∞) be extra income
from alternative ITN use. Assume that ∆L is independent of labor productivity. By the
definition of the misuse effect,

β :=
L+∆L

L
= 1 +

∆L

L
∝ L−1. (2.21)
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Figure 2.5: Distributions of PNE and SDs in high-income and low-income communities
(α1 = 0.6, α2 = 0.99, N = 100). The high-income community has a weak misuse effect (β = 1.01), and
the low-income community has a strong misuse effect (β = 1.50).

The misuse effect is proportional to the inverse of labor productivity. Therefore low-
income and high-income countries are characterized by high and low values of β, respec-
tively.

The number of proper ITN users decreases as the misuse effect increases (Figure
2.4). If the misuse effect is weak (i.e. β ≈ 1), ITN use for malaria prevention is an
individually rational strategy, and the all-T Nash equilibrium holds regardless of the
infection probability (P ). As β increases, extra income from ITN misuse increases, and
ITN use for economic activities can be an individually rational strategy. If the misuse
effect is sufficiently strong (i.e. β ≫ 1), the all-F or free-rider Nash equilibrium holds
regardless of the infection probability.

In a high-income community, the extra income ∆L is negligible compared with each
player’s labor productivity, and the misuse effect is weak. The benefit from alternative
ITN use cannot offset the damage from malaria infection. Therefore every player uses
ITNs for malaria prevention even if the infection probability is low. The all-T Nash
equilibrium is always Pareto efficient, and proper ITN use contributes to an efficient
payoff allocation. In a low-income community, however, the extra income ∆L is attractive
for the players, and the misuse effect is strong. As a result, at least one player uses ITNs
to enhance its labor productivity even if the infection probability is high. ITN misuse is
not always Pareto efficient, and the players may face with a social dilemma (Figure 2.5,
see also Appendix A).

2.3.3 Human population size and ITN misuse

The distribution of Nash equilibria is influenced by human population size (the number
of players, N). The region of the k-th degree free-rider Nash equilibrium exists inside the
domain [0, 1] if Pk−1 ∈ [0, 1]. From this condition, we obtain the maximum degree of the
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Figure 2.6: Maximum number of proper ITN users (kmax). The individual effect (α1) and the
infection probability (P ) are fixed at 0.6 and 0.8, respectively.

free-rider Nash equilibrium:

kmax := floor

(
1 +

logP0

logα2

)
, (2.22)

where floor(x) gives the largest integer not greater than x. This result indicate that
the maximum number of proper ITN users is limited by the individual, community,
and misuse effects of ITNs (Figure 2.6). For instance, a community with (α1, α2, β) =
(0.6, 0.99, 1.5) has kmax = 60. If the community contains 50 players, the all-T Nash
equilibrium is achieved under a sufficiently high infection probability. If the community
contains 100 players, however, the free-rider Nash equilibria with degrees higher than 60
and the all-T Nash equilibrium are pushed out of the domain [0, 1]. Even if the infection
probability is extremely high (e.g. P = 1), at most 60 players use ITNs for malaria
prevention. The realization of the all-T Nash equilibrium would be difficult in a large
society.

2.3.4 Economic regulation of ITN misuse

The all-T Nash equilibrium is desirable from the viewpoint of public health. However,
ITN misuse is an individually rational strategy in low-income areas. This mismatch
between public-health and individual benefits is interpreted as a social dilemma. If the
players are attracted to the all-F or free-rider Nash equilibrium, they cannot reach the
all-T Nash equilibrium without external forcing. Here I demonstrate that the all-T Nash
equilibrium is achieved if a tax is imposed on extra income from ITN misuse. Taxation
provides people with an incentive to change their strategies, and help them escape from
a social dilemma [1,9, 27].

Suppose that the players with strategy F are forced to pay a tax. Let r ∈ [0, 1] be a
tax rate. The expected payoff inclusive of tax is

U tax
i (σi,m−i) :=

{
Ui(σi,m−i) (σi = T)

(1− r)Ui(σi,m−i) (σi = F)
. (2.23)

The strict all-T Nash equilibrium holds if U tax
i (T, N − 1) > U tax

i (F, N − 1). Solving this
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inequality with respect to r gives

r > r∗ := 1− Ui(T, N − 1)

Ui(F, N − 1)
, (2.24)

where r∗ is the rate of payoff increase caused by the shift from the all-T profile to the
(N − 1)-th degree free-rider profile. If Ui(T, N − 1) > Ui(F, N − 1), the all-T Nash
equilibrium is automatically achieved, and the tax is unnecessary. If Ui(T, N − 1) ≤
Ui(F, N − 1), the players are attracted to the all-T Nash equilibrium at a tax rate r > r∗

(Figure 2.7). In a high-income community characterized by a low β, extra income from
ITN misuse is negligible, and the all-T Nash equilibrium holds without the tax. In a low-
income community characterized by a high β, extra income from ITN misuse is attractive
for the players, and a high tax rate is necessary to eliminate ITN misuse.

2.4 Summary and Conclusion

Developing countries in tropical and sub-tropical areas have suffered from social and
economic damage caused by malaria transmission. Insecticide-treated nets (ITNs) have
been distributed to malaria endemic areas, which contributed to the reduction of malaria
deaths. Meanwhile, some ITNs were used for economic activities such as fishery and
agriculture. In this study, I developed a non-cooperative game (called mosquito net game)
to understand why people threatened by malaria use ITNs for alternative purposes. From
Nash equilibria of the mosquito net game, I found that alternative ITN use can be an
individually rational strategy. In a high-income community, an additional benefit from
ITN misuse is negligible compared to each player’s income. Therefore all players use
ITNs for malaria prevention even if the infection probability is low. In a low-income
community, however, an additional benefit from ITN misuse exceeds the damage from
malaria infection. As a result, many players are attracted to ITN misuse even if the
infection probability is high. This result suggests that poverty is an important factor
behind ITN misuse. Alternative ITN use is not desirable from the viewpoint of Pareto
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efficiency. A community containing improper ITN users may face with a social dilemma.
Self-interest individuals have no incentive to change their strategies, and cannot escape
from a social dilemma without external forcing. I demonstrated that ITN misuse can be
eliminated by imposing a tax on improper ITN users. The tax reduces benefits from ITN
misuse and free riding, and encourages the players to use ITNs for malaria prevention. If
all players choose the proper ITN use, the payoff allocation satisfies both individual and
social rationality. An efficient payoff allocation is achieved under an adequate tax rate.

Appendix A

The k-th free-rider Nash equilibrium can be Pareto efficient if P ∗
k ∈ [Pk−1, Pk]. From this

condition, we obtain the minimum degree of the free-rider PNE:

k∗
min := ceiling

(
N + 1− log(α2 − (1− α2)β/α1)

logα2

)
, β <

α1α2

1− α2

, (2.25)

where ceiling(x) gives the smallest integer not less than x. In Panel B of Figure 2.5,
k∗
min = 98. Only the 98th and 99th degree free-rider Nash equilibria can be Pareto

efficient. The maximum degree of the free-rider Nash equilibrium (kmax) is 60 (Figure
2.6). Therefore the free-rider Nash equilibria contained by the domain [0, 1] are social
dilemmas. Note that every degree free-rider Nash equilibrium can be Pareto efficient if
β ≥ α1α2/(1− α2).
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Chapter 3

Cooperative Game for International
Emissions Trading

3.1 Introduction

Scientific evidence clearly indicates that climate change is driven by greenhouse gases
(mainly carbon dioxide, CO2) emitted from human activities [28]. Rapid reduction of
anthropogenic CO2 emissions is required to protect present and future generations from
disastrous impacts of climate change [29–32]. The United Nations Framework Convention
on Climate Change (UNFCCC) agreed the Kyoto Protocol in 1997, and decided to reduce
CO2 emissions from Annex B Parties to the levels in 1990 [33, 34]. The Kyoto Protocol
introduced international emissions trading (IET) to accelerate emission reduction. Each
country possesses marketable emission permits equivalent to its emission cap specified in
the Kyoto Protocol. Countries facing permit shortfalls must purchase permits from other
countries. The cost for acquiring additional permits provides buyers with an incentive to
reduce their emissions. The basic competitive model in economics shows that emissions
trading is a cost-effective way of controlling CO2 emissions [1, 9, 10,27,35].

The Kyoto Protocol completed the first commitment period (CP1) in 2012. The
international permit market under CP1 was far from an efficient market drawn by the
basic competitive model. The annual average price of permits (assigned amount units,
AAUs) peaked at US$12.92 per ton of CO2 in 2009, and then rapidly declined to US$6.77
in 2011 [36–38]. Even much lower prices were reported in 2012 [39]. These prices are
relatively low compared to many estimates of the social cost of carbon (SCC, marginal
damage caused by an additional ton of CO2 emissions) [40, 41]. A permit price lower
than the SCC implies that the risks of climate change are underestimated. Since buyers
can acquire additional permits at low costs, the emissions reduction may not reach the
optimal level.

The downward trend in permit price is attributed to the deficiencies of the Kyoto Pro-
tocol, which have been discussed by many authors. First, the Kyoto Protocol has no strict
sanctions against non-participation and non-compliance [43, 44]. In Marrakesh Accords,
the Kyoto Protocol introduced some non-financial sanctions against non-compliance [45].
However, a non-compliant country can avoid the sanctions by withdrawing from the Ky-
oto Protocol. The Kyoto Protocol depending on voluntary actions of the members is
vulnerable to free riding. If a buyer loses the willingness to purchase permits, it can
withdraw from the market without paying costs. In fact, the international permit market
has experienced non-participation or non-compliance of major buyers: the US, Canada,
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Figure 3.1: Permit supply and demand in Annex B Parties (annual average, 2008–2012).
Calculated by the author from CO2 emission data [42] and the Quantified Emission Limitation or Reduc-
tion Commitment (QELRC) of the Kyoto Protocol [33]. 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.

and Japan [46–48]. 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 major buyers exercise 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 [10, 34]. Due to the hot air, the IET under CP1 has suffered
from the oversupply of permits (Figure 3.1). The withdrawal of the US from the Kyoto
Protocol accelerated the oversupply of permits. If the US participated in the IET, it
would have been the largest buyer with a demand of 876 MtCO2 per year [42]. Several
authors estimate the impacts of the US withdrawal on permit price using computational
models [49–54]. The 2008–2009 global financial crisis widened the supply-demand gap
(Figure 3.2). In 2009, CO2 emissions from Annex B Parties decreased in response to the
economic downturn [42]. As a result, the demand-side permit shortfall decreased, while
the supply-side permit surplus increased. The vulnerable market under CP1 has been
sustained by Japan’s purchasing power [36–39].

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 manip-
ulate price. The cost-effective performance of emissions trading assumes a competitive
market with no price maker [55]. If there exists a price maker in the market, emissions
trading may fail to achieve the optimal price [56] (see [35] for the extensions of this
result). In the context of the IET under the Kyoto Protocol, many authors have inves-
tigated market power of sellers, especially transition economies. By extending Hahn’s
model [56], Maeda [57] 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 [50–52, 54]. However, Godal and Meland [58] demonstrate that
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Figure 3.2: Aggregate permit supply and demand in Annex B Parties, 2005–2012. Calculated
by the author from CO2 emission data [42] and the QELRC of the Kyoto Protocol [33]. The US is not
included.

the formation of a seller cartel is not a dominant strategy for sellers. Strategic behavior
of buyers may nullify benefits from a seller cartel. Moreover, they show that a coalition
containing both buyers and sellers is profitable. Under the Kyoto Protocol, sellers must
cooperate with buyers to gain benefits from emissions trading. Permit prices are deter-
mined by bargaining. In order to understand the IET under CP1, we need to evaluate
power relationships between buyers and sellers.

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 concepts satisfying individual rationality (e.g. max-min solution and Nash
equilibrium). The non-cooperative approach has been applied to international climate
negotiations [59–66]. In contrast, cooperative games (coalitional games) focus on how
benefits from a coalition are allocated to the members [4, 12, 67]. A payoff allocation is
determined by solution concepts satisfying both individual and social rationality (e.g. core
and Shapley value). The solution concepts for cooperative games are associated with
bargaining power of players. The cooperative approach has been applied to the allocation
of natural and environmental resources [68–71].

In this chapter, I develop a coalitional game of the IET, and demonstrate that buyers
have dominant bargaining power under the Kyoto Protocol. In my model, called cooper-
ative emissions trading (CET) game, a buyer purchases permits from sellers only if the
buyer forms a coalition with the sellers. In the real market, several buyers may cooper-
ate with each other. For simplicity, however, coalitions containing more than one buyer
(multi-buyer coalitions) are not considered in the CET game. The focus of this game
is bargaining between each buyer and sellers (see Future Research for the multi-buyer
CET game). It is assumed that a buyer gains benefits from a coalition with sellers. If
compliance enforcement is weak, self-interest buyers withdraw from the market without
purchasing permits. However, political and economic benefits from international cooper-
ation encourage buyers to participate in the market. The benefits from a coalition are
interpreted as ancillary benefits of the IET [64, 72]. Under these assumptions, the CET
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Table 3.1: Characteristic function v

Type Coalition N Collective payoff v(N)

Empty ∅ 0
Buyer B 0
Seller S+ ⊆ S \∅ 0
Normal B ∪ S+ λQB∪S+

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 [11, 12, 67]. Shapley value gives a unique payoff allocation satisfying
social rationality (Pareto efficiency). Shapley value also satisfies individual rationality
for superadditive games. Shapley value can be used as an index of bargaining power
(e.g. Shapley-Shubik index [13]). Using Shapley value, I evaluate the supply-side and
demand-side bargaining power. Permit price is derived from the buyer’s Shapley value,
which is a function of the demand-side bargaining power. The payoff allocation based on
another solution concept (propensity to disrupt [73]) is shown in Future Research.

3.2 Analysis

The CET game is a coalitional game with a buyer and s-sellers (s ≥ 1). Let B := {−1}
be the set of a buyer, and let S := {1, 2, . . . , s} be the set of sellers. The set of players is
N := B ∪ S. Each player i ∈ N has Ci (tCO2) of permits in advance. Assume C−1 < 0
for the buyer and Cj > 0 for any seller j ∈ S. A player can form a coalition with other
players. A coalition N ⊆ N is a subset of the player set, and the CET game has 2s+1

coalitions. The coalitions are classified into four types (Table 3.1). The empty coalition ∅
is the empty set. The buyer coalition B is the buyer set, and a seller coalition S+ ⊆ S\∅
is a non-empty seller set. A normal coalition, denoted by B∪S+, contains the buyer and
at least one seller. Permit demand and supply in B∪S+ are |C−1| and ΓS+ :=

∑
j∈S+

Cj,
respectively.

3.2.1 Payoff Functions

A player’s payoff is determined by the coalition in which the player participates. The
buyer’s payoff function is

U−1(N) :=

{
(λ− P )QB∪S+ if N = B ∪ S+

0 otherwise
. (3.1)

P is permit price per ton of CO2 emissions (P > 0). QB∪S+ := min{|C−1|,ΓS+} is
the volume of permits transferred from a seller coalition S+ to the buyer. The buyer’s
willingness-to-pay (WTP), denoted by λ, is the maximum permit price that the buyer is
willing to pay (λ ≥ 0). If a normal coalition B ∪ S+ is formed, the buyer pays PQB∪S+

for permits, and receives λQB∪S+ from the coalition. λQB∪S+ is equal to the value of the
coalition for the buyer. The j-th seller’s payoff function is

Uj(N) :=

{
Pqj if N = B ∪ S+ and j ∈ S+

0 otherwise
. (3.2)
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qj is the volume of permits transferred from seller j to the buyer, which satisfies
∑

j∈S+
qj =

QB∪S+ .

3.2.2 Characteristic Function

The collective payoff of a coalition is given by the characteristic function

v(N) :=
∑
i∈N

Ui(N). (3.3)

The collective payoff can be positive only in normal coalitions (Table 3.1). v is a superad-
ditive function which satisfies v(N0) + v(N1) ≤ v(N0 ∪N1) for any two coalitions N0 and
N1 such that N0∩N1 = ∅. The collective payoff monotonically increases as the coalition
size |N | increases. Hence the formation of the grand coalition N is expected. The CET
game is the problem of how to allocate v(N) = λQN to players.

The grand coalition is stable 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−1(N) ≥ 0 and
P > 0, we obtain the condition for individual rationality:

0 < P ≤ λ. (3.4)

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.

3.2.3 Shapley Value

Shapley value gives a unique payoff allocation which satisfies social rationality (Pareto
efficiency) [11, 12, 67]. Since the characteristic function v is superadditive, Shapley value
of the CET game also satisfies individual rationality (Eq. (3.4)).

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)) ∈ M (3.5)

indicates the order in which each player forms a coalition. Player m(1) forms the sin-
gle coalition {m(1)}. Player m(2) joins {m(1)}, and forms the two-player coalition
{m(1),m(2)}. Player m(k) forms the k-player coalition {m(1),m(2), . . . ,m(k)}. The
coalition Nm,m(k) := {m(1),m(2), . . . ,m(k − 1)} is the preceding coalition for player
m(k). Due to superadditivity, the participation of player i in the preceding coali-
tion Nm,i monotonically increases the collective payoff. This payoff increase, given by
v(Nm,i ∪{i})− v(Nm,i), is the i-th player’s contribution in permutation m. Assume that
every permutation occurs at the same probability. The i-th player’s Shapley value is the
expected value of contributions for all m:

ϕi :=

∑
m∈M(v(Nm,i ∪ {i})− v(Nm,i))

(s+ 1)!
. (3.6)
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The buyer monotonically increases the collective payoff from zero to λQB∪S+ by joining
a seller coalition S+ (Table 3.1). For each S+, there are |S+|! (s − |S+|)! permutations
in which the buyer gains a non-zero contribution λQB∪S+ . The buyer’s Shapley value is
written as

ϕ−1 =
λ
∑

S+⊆S\∅ |S+|! (s− |S+|)!QB∪S+

(s+ 1)!
. (3.7)

Let S(j) ⊆ S \ {j} be a seller coalition which does not contain seller j. S(j) may be
the empty coalition. The j-th seller gains a non-zero contribution (QT(j)∪{j} − QT(j)

) by
joining T(j) := B ∪ S(j). T(j) is the buyer coalition or a normal coalition which does not
contain seller j. The j-th seller’s Shapley value is

ϕj =
λ
∑

S(j)⊆S\{j} |T(j)|! (s− |T(j)|)! (QT(j)∪{j} −QT(j)
)

(s+ 1)!
. (3.8)

The Shapley value satisfies social rationality∑
i∈N

ϕi = v(N) = λQN. (3.9)

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

ϕi ≥ v({i}) = 0 for all i ∈ N. (3.10)

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

3.2.4 Permit Price

The buyer receives the Shapley value ϕ−1 from the grand coalition N. From U−1(N) =
ϕ−1, we obtain permit price

P = λ(1− πB) = λπS, (3.11)

where

πB :=
ϕ−1

v(N)
and πS :=

∑
j∈S ϕj

v(N)
. (3.12)

πB ∈ [0, 1] and πS ∈ [0, 1] are demand-side and supply-side bargaining power (DBP
and SBP), respectively. The DBP is the proportion of the buyer’s Shapley value to the
collective payoff. Due to the social rationality (Eq. (3.9)), we have πB + πS = 1. λ in
v(N) is canceled by λ in ϕ−1. Hence 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. The sum of the DBP and SBP is
1.

3.2.5 Range of Permit Price

Here I demonstrate that permit price ranges from λ/(s+ 1) to λ/2. The DBP is written
as

πB =

∑
S+

#S+ρS+

(s+ 1)!
. (3.13)
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Figure 3.4: Trading volume ratio (TVR) in a normal coalition B ∪ S+. If permit supply ΓS+

is constant, the TVR (denoted by ρS+) is a monotonically decreasing function of permit demand |C−1|.
Depending on the balance between supply and demand, the TVR is classified into three types: (A)
|C−1|/|C−1|, (B) ΓS+/|C−1|, and (C) ΓS+/ΓS.

#S+ := |S+|! (s− |S+|)! is the number of player permutations in which a seller coalition
S+ precedes the buyer. ρS+ is trading volume ratio (TVR) defined as

ρS+ :=
QB∪S+

QN

=
min{|C−1|,ΓS+}
min{|C−1|,ΓS}

. (3.14)

The TVR is the proportion of the trading volume in a normal coalition B ∪ S+ to that
in the grand coalition N.

If permit supply ΓS+ is constant, the trading volume QB∪S+ is a piecewise monoton-
ically increasing function of permit demand |C−1| (Figure 3.3). Since ΓS+ ≤ ΓS for all
S+, the TVR is a monotonically decreasing function of |C−1| (Figure 3.4). Depending
on the balance between supply and demand, the TVR is classified into three types: (A)
|C−1|/|C−1|, (B) ΓS+/|C−1|, and (C) ΓS+/ΓS. The TVR is type A if the supply from S+

exceeds the demand, i.e., if |C−1| ≤ ΓS+ . The type A has the maximum value of 1. The
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TVR is type B if ΓS+ ≤ |C−1| ≤ ΓS. The type B has a value between ΓS+/ΓS and 1. The
TVR is type C if the demand exceeds the aggregate supply, i.e., if ΓS ≤ |C−1|. The type
C has the minimum value of ΓS+/ΓS.

Lower Limit of Permit Price. Suppose that the buyer’s WTP is constant. By
Eq. (3.11), permit price is minimized by maximizing the DBP. By Eq. (3.13), the DBP is
maximized if the TVR is type A for all S+. This condition is satisfied when permit supply
is excessive, i.e., when |C−1| ≤ Cj for all seller j. Substituting ρS+ = 1 into Eq. (3.13)
gives the maximum DBP

πmax
B =

∑
S+

#S+

(s+ 1)!
. (3.15)

In a player permutation, the buyer is just a border between the preceding coalition S+

and other sellers S \ S+. #S+ is equal to the number of seller permutations in which S+

precedes S \ S+. There are s! seller permutations of s sellers. Each seller permutation
(j(1), j(2), . . . , j(s)) is generated from s preceding coalitions (S+’s):

{j(1)}, {j(1), j(2)}, . . . , {j(1), j(2), . . . , j(s)}. (3.16)∑
S+

#S+ counts every seller permutation s times. Hence
∑

S+
#S+ = s × s!. The

maximum DBP is

πmax
B =

s× s!

(s+ 1)!
=

s

s+ 1
. (3.17)

The lower limit of permit price is

Pmin = λ(1− πmax
B ) =

λ

s+ 1
. (3.18)

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 ΓS ≤ |C−1|. Substituting ρS+ = ΓS+/ΓS into
Eq. (3.13) gives the minimum DBP

πmin
B =

∑
S+

#S+ΓS+

(s+ 1)! ΓS

=

∑
S+
(#S+

∑
j∈S+

Cj)

(s+ 1)! ΓS

. (3.19)

If S+ contains seller j, #S+Cj is added to the numerator of πmin
B . Let Sj be the set of

seller coalitions containing seller j. Then

πmin
B =

∑
j∈S αjCj

(s+ 1)! ΓS

, (3.20)

where αj :=
∑

S+∈Sj
#S+ . Since all sellers have the same ability to form coalitions, αj

should be same for all seller j. We have

πmin
B =

αjΓS

(s+ 1)! ΓS

=
αj

(s+ 1)!
. (3.21)

αj is calculated as follows. A player permutation is written as Eq. (3.5). 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 permutations 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) sellers follow the buyer. The number of permutations is
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Table 3.2: Derivative of the TVR with respect to |C−1|

Type TVR Condition Derivative

A |C−1|/|C−1| |C−1| ∈ (0,ΓS+) 0
B ΓS+/|C−1| |C−1| ∈ (ΓS+ ,ΓS) < 0
C ΓS+/ΓS |C−1| ∈ (ΓS,∞) 0

2(s − 1)!. If S+ is a k-seller coalition containing seller j, the number of permutations is
k(s− 1)!. αj is the sum of k(s− 1)! for all k ∈ {1, 2, . . . , s}, which is

αj = (1 + 2 + · · ·+ s)(s− 1)! =
(s+ 1)!

2
. (3.22)

The minimum DBP is

πmin
B =

1

2
. (3.23)

The upper limit of permit price is

Pmax = λ(1− πmin
B ) =

λ

2
. (3.24)

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 λ be the buyer’s WTP. Permit price ranges from λ/(s+1) to λ/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.

3.2.6 Monotonicity of Permit Price

Assume that permit supply and demand are independent of each other. A change in sup-
ply (demand) does not change demand (supply). Moreover, assume that the buyer’s WTP
is constant. Under these assumptions, permit price satisfies three types of monotonic-
ity: (I) Permit price monotonically increases as permit demand increases. (II) Permit
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. (3.11) with respect to permit demand
|C−1| gives

∂P

∂|C−1|
= (1− πB)

∂λ

∂|C−1|
− λ

∂πB

∂|C−1|
. (3.25)

Since ∂λ/∂|C−1| = 0, the type I monotonicity holds if ∂πB/∂|C−1| ≤ 0.
The TVR (ρS+) is continuous over |C−1| > 0, and is differentiable almost everywhere

(Figure 3.4). The derivative ∂ρS+/∂|C−1| is non-positive for all types of the TVRs (Table
3.2). From Eq. (3.13),

∂πB

∂|C−1|
=

1

(s+ 1)!

∑
S+

#S+

∂ρS+

∂|C−1|
≤ 0. (3.26)

Thus permit price satisfies the type I monotonicity.
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Table 3.3: Derivative of the TVR with respect to Cj (j ∈ S+)

Type TVR Condition Derivative

A |C−1|/|C−1| |C−1| ∈ (0,ΓS+) 0
B (Cj + ΓS+\{j})/|C−1| |C−1| ∈ (ΓS+ ,ΓS) > 0
C (Cj + ΓS+\{j})/(Cj + ΓS\{j}) |C−1| ∈ (ΓS,∞) ≥ 0

Table 3.4: Derivative of the TVR with respect to Cj (j /∈ S+)

Type TVR Condition Derivative

A |C−1|/|C−1| |C−1| ∈ (0,ΓS+) 0
B ΓS+/|C−1| |C−1| ∈ (ΓS+ ,ΓS) 0
C ΓS+/(Cj + ΓS\{j}) |C−1| ∈ (ΓS,∞) < 0

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.

Type II Monotonicity. Differentiating Eq. (3.11) with respect to permit supply Cj

gives
∂P

∂Cj

= (1− πB)
∂λ

∂Cj

− λ
∂πB

∂Cj

. (3.27)

Since ∂λ/∂Cj = 0, the type II monotonicity holds if ∂πB/∂Cj ≥ 0.
If S+ contains seller j, the TVR is

ρS+ =
min{|C−1|, Cj + ΓS+\{j}}
min{|C−1|, Cj + ΓS\{j}}

. (3.28)

The numerator and denominator are piecewise linear and monotonically increasing func-
tions of Cj. The TVR is continuous over Cj > 0, and is differentiable almost everywhere.
The derivative ∂ρS+/∂Cj is non-negative for all types of the TVRs (Table 3.3). If S+

does not contain seller j, the TVR is

ρS+ =
min{|C−1|,ΓS+}

min{|C−1|, Cj + ΓS\{j}}
, (3.29)

where ΓS+ is independent of Cj. The numerator is constant, and the denominator is same
as Eq. (3.28). The derivative ∂ρS+/∂Cj is zero for the types A and B, but is negative for
the type C (Table 3.4).

If the TVR is type A or B for all S+, we obtain ∂πB/∂Cj ≥ 0 from Eq. (3.13). If
|C−1| ≥ ΓS, the TVR is type C for all S+, and the DBP has the minimum value of 1/2
(Proposition 3). Hence ∂πB/∂Cj = 0 if there exists S+ such that the TVR is type C.
Thus, the derivative ∂πB/∂Cj 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∪{σ} by adding
a new seller σ with zero permit supply (Γ{σ} = 0). The buyer forms the grand coalition
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with Z. Similar to Eq. (3.13), the DBP is

π⋆
B =

∑
Z+⊆Z\∅ #⋆

Z+
ρ⋆Z+

(s+ 2)!
. (3.30)

Z+ is a non-empty seller coalition. #⋆
Z+

:= |Z+|! (s+1−|Z+|)! is the number of player per-
mutations in which Z+ precedes the buyer. ρ⋆Z+

:= QB∪Z+/QB∪Z is the TVR. Eq. (3.11)
gives permit price P ⋆ = λ(1− π⋆

B).
If Z+ = {σ}, QB∪Z+ = min{|C−1|,ΓZ+} = 0 and ρ⋆Z+

= 0. Hence #⋆
{σ}ρ

⋆
{σ} = 0. If

Z+ ̸= {σ}, Z+ is S+ or S+ ∪ {σ}. For every S+, QB∪S+ = QB∪S+∪{σ} and ρS+ = ρ⋆S+
=

ρ⋆S+∪{σ}. Moreover,

#⋆
S+

+#⋆
S+∪{σ} = |S+|! (s+ 1− |S+|)! + (|S+|+ 1)! (s− |S+|)!

= (s+ 2)|S+|! (s− |S+|)!
= (s+ 2)#S+ .

(3.31)

From Eq. (3.30),

π⋆
B =

#⋆
{σ}ρ

⋆
{σ} +

∑
S+
(#⋆

S+
ρ⋆S+

+#⋆
S+∪{σ}ρ

⋆
S+∪{σ})

(s+ 2)!

=

∑
S+
(s+ 2)#S+ρS+

(s+ 2)!

= πB,

(3.32)

and we obtain P ⋆ = P . The entry of seller σ into the market has no influence on permit
price.

Second, we increase permit supply from seller σ 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.

3.3 Results and Discussion

The seven propositions derived from the CET game help us understand why buyers could
have dominant power in the international permit market. In this section, I summarize the
results of the CET game, and calculate the demand-side bargaining power using market
data. Finally, I conclude this chapter by discussing limitations and extensions of the CET
game.

3.3.1 Withdrawal of Permit Buyers from the Market

In the CET game, a buyer purchases permits from sellers only if the buyer forms a
coalition with the sellers. The stability of the coalition depends on the buyer’s WTP.
The WTP represents the value of the coalition for the buyer. 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
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satisfies both individual and social rationality, is given by the product of the buyer’s
WTP and the SBP (Proposition 2). If the SBP is constant, a higher WTP leads to a
higher price. Permit price is strongly influenced by the buyer’s WTP.

The Kyoto Protocol allows buyers to withdraw from the commitments without paying
costs. The international permit market under CP1 has experienced the withdrawal of
the top-three buyers: the US, Japan, and Canada (Figure 3.1). The US, which is the
largest buyer in Annex B Parties, did not ratify the Kyoto Protocol. In the CET game,
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 [74], but decided
not to participate in the second commitment period (CP2) [47, 48]. After the severe
nuclear disaster in Fukushima, Japan abandoned the 2010 Basic Energy Plan in which
the promotion of nuclear power generation was emphasized [75]. As of November 2014,
all nuclear power plants of Japan are closed for safety reasons, and most of the electricity
is supplied from fossil fuel power plants [76]. The increasing dependence on fossil fuels
leads to substantial increases in CO2 emissions [77]. 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 burdens associated
with the IET [46, 48]. The withdrawal of the top-three buyers suggests that the buyer’s
WTP is sensitive to changes in political and economic conditions.

The right of withdrawal can be a threat to sellers in bargaining. Unless a buyer
with a positive WTP participates in the coalition, sellers cannot receive benefits from
emissions trading. Therefore the buyer’s contribution to the coalition (i.e. the buyer’s
Shapley value) is relatively large. As a result, sellers are forced to suppress permit price
to less than λ/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.

3.3.2 Excessive Permit Supply from Transition Economies

The excessive permit supply from transition economies (i.e. hot air) enhances the DBP
and decreases permit price. Suppose that permit supply and demand are independent of
each other, and that each buyer’s WTP is constant. Permit price monotonically decreases
as the supply from a seller increases (Proposition 6). A decrease in price means an increase
in the DBP (Proposition 2). Figure 3.5 compares the DBP curves in two types of markets:
hot and cold markets. Both markets contain 18 sellers (s = 18). In the hot market, the
supply from each seller is equal to the volume shown in Fig 3.1. 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. (3.11)). Thus the
hot air reinforces the demand-side dominance in the international permit market.

As discussed by many authors [49–54], the absence of the US from the market has
accelerated the downward trend in permit price. The DBP of the US is 0.664 in the
hot market (Figure 3.5). If the US has the same WTP as Japan, the price for the US
is 120% higher than that for Japan (Eq. (3.11)). From this result, we immediately find
that the withdrawal of Japan and Canada from the market would decrease permit price.
Buyers with smaller demands have higher DBPs, and purchase permits at lower prices.
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Figure 3.5: 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 (C1, C2, . . . , Cs), and demand
data (|C−1|) in Eq. (3.12). Data set of Figure 3.1 are used for calculation. 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). In the hot market, the supply from each seller is equal to the volume shown in Figure 3.1. 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−1| = 1, 2, . . . , 2000 (MtCO2).
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Figure 3.6: Impacts of seller cartels on the DBP. Calculated using the data set of Figure 3.1.
The cartel of Russia and Ukraine controls 75% of the aggregate permit supply.

Meanwhile, Russia decided not to participate in CP2 [48]. The withdrawal of Russia
from the market means a substantial decrease in the aggregate supply, which may bring
upward pressure on permit price (Proposition 7).
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Figure 3.7: Japan’s DBP between 2005 and 2012. Permit data were calculated by the author
from CO2 emission data [42] and the QELRC of the Kyoto Protocol [33]. The number of sellers ranged
from 12 in 2005 to 21 in 2012.

3.3.3 Market power of seller cartels

Previous studies conclude that transition economies can increase permit price by forming
seller cartels [50–52, 54, 57]. However, the demand-side dominance resists market power
of seller cartels. Figure 3.6 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 controls 75%
of the aggregate permit supply (Figure 3.1). If sellers form a cartel, the sellers disappear
from the market, which decreases the DBP (Proposition 7). At the same time, the seller
cartel with a large 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. (3.11)). The SBP achieves the maximum value of 0.5 when all sellers form
the grand cartel (s = 1, Proposition 3). In this case, the SBP is equal to the DBP
(Proposition 2). The formation of seller cartels weakens the demand-side dominance, but
cannot reverse it.

3.3.4 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, CO2 emissions from the Parties except the US decreased
from 8,382 MtCO2 in 2008 to 7,803 MtCO2 in 2009 [42]. The Kyoto Protocol has no
mechanism to adjust the balance between permit supply and demand. Since the permit
allocation to each country was fixed, the decrease in CO2 emissions increased the supply
from transition countries, and decreased the demand of Japan, Canada, and other buyers
(Figure 3.2). By Propositions 5 and 6, permit price monotonically decreases as permit
supply (demand) increases (decreases). Figure 3.7 shows Japan’s DBP between 2005 and
2012. Japan’s DBP increased from 0.776 in 2007 to 0.893 in 2009, which implies a 52%
decrease in permit price (Eq. (3.11)). Thus the global financial crisis has contributed to
the demand-side dominance in the international permit market.

In the real market, AAU price responded to the global financial crisis with a time
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Table 3.5: Characteristic function of the multi-buyer CET game (b = 2, s = 1, |C−1| =
|C−2| = 10, C1 = 10, λ−1 = 1, λ−2 = 2, r−1 = r−2 = 5). In this case, the participation of buyer −1
into the coalition {−2, 1} decreases the collective payoff. The characteristic function v does not satisfy
superadditivity.

Coalition N Collective payoff v(N)

ϕ 0
{−1} 0
{−2} 0
{1} 0
{−1,−2} 0
{−1, 1} λ−1Q{−1,1} = 10
{−2, 1} λ−2Q{−2,1} = 20
{−1,−2, 1} λ−1r−1 + λ−2r−2 = 15

lag. The annual average price of AAUs peaked in 2009, and plunged in 2011 [36–38].
This time lag is attributed to a time-consuming process of international bargaining. In
March 2009, Japan and Ukraine concluded a contract for the transfer of 30 MtCO2 after
spending eight months in bargaining [78]. Another contract for the transfer of 40 MtCO2

from Czech to Japan, which was concluded in the same month, required six months of
bargaining [79]. The AAU prices specified in these contracts reflect market conditions
before the recession.

3.3.5 Future Research

A merit of the CET game is that we can calculate each country’s bargaining power in the
international permit market. However, the CET game uses three assumptions to simplify
the calculation. First, the players form the grand coalition. Although this assumption is
popular in cooperative games, there is no strong evidence. In the real world, countries
need to pay costs for international bargaining. A large coalition containing many players
may not be efficient. Moreover, there may exist a pair of countries which cannot cooperate
with each other for political reasons. In general, each buyer’s WTP varies according
to sellers. These factors affect the characteristic function of the CET game. If the
characteristic function loses superadditivity, a sub-coalition containing a limited number
of countries would be formed. Results from non-cooperative games suggest that the
grand coalition is unstable in international climate negotiations [59–61, 63]. A direction
of future research is to couple the CET game with non-cooperative games which describe
the formation of stable coalitions.

Second, the CET game excludes coalitions containing more than one buyer (multi-
buyer coalitions). The multi-buyer CET game is a natural extension of the CET game,
but this extension makes the determination of the payoff allocation difficult. 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 |Ci| (Ci < 0), and seller j ∈ S has a supply of Cj (Cj > 0). Let λi

be each buyer’s WTP. In the grand coalition N = B ∪ S, trading volume of permits is
given by QN = min{

∑
i∈B |Ci|,

∑
j∈S Cj}. Clearly, the total payoff of all sellers is PQN.

Let ri ∈ [0, |Ci|] be the volume of permits transferred from sellers to buyer i (
∑

i ri =
QN). Each buyer’s payoff function is (λi − P )ri, and the total payoff of all buyers is∑

i λiri−PQN. The collective payoff of the grand coalition is
∑

i λiri. The characteristic
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function of this game may not satisfy superadditivity (Table 3.5). In this example, we
cannot expect the formation of the grand coalition. Even if the grand coalition is formed,
the Shapley value does not satisfy individual rationality. This observation suggests that
multi-buyer coalitions are generally unstable. A different approach is required to solve
the multi-buyer CET game.

Third, the CET game determines the payoff allocation by Shapley value. Shapley
value is a popular solution concept for coalitional games, but various alternatives have
been proposed [67]. The choice of a solution concept may affect the results of the CET
game. Gately [73] proposed the payoff allocation based on propensity to disrupt. In the
CET game, the i-th player’s propensity to disrupt (i ∈ N) is given by

di :=

∑
j∈N\{i} Uj − v(N \ {i})

Ui − v({i})
=

v(N)− v(N \ {i})
Ui

− 1, (3.33)

where Ui denotes the i-th player’s payoff in the grand coalition. A high propensity to
disrupt means that the participation of player i in the grand coalition is highly beneficial
to the other players but is not to the player. Gately’s solution is the payoff allocation
{ϕ′

i | i ∈ N} such that di = dj for all j ∈ N \ {i}.
Here I compare the DBP based on Shapley value (Shapley-DBP) with the DBP based

on propensity to disrupt (Gately-DBP). In the three-player CET game with the grand
coalition N = {−1, 1, 2},

ϕ′
−1 =

λQ2
N

3QN −Q{−1,1} −Q{−1,2}
. (3.34)

The Shapley-DBP is

πS
B :=

ϕ−1

v(N)
=

2QN +Q{−1,1} +Q{−1,2}

6QN

, (3.35)

and the Gately-DBP is

πG
B :=

ϕ′
−1

v(N)
=

QN

3QN −Q{−1,1} −Q{−1,2}
. (3.36)

The difference between the two DBPs is

πG
B − πS

B =
(Q{−1,1} +Q{−1,2} −QN)(Q{−1,1} +Q{−1,2})

6QN(3QN −Q{−1,1} −Q{−1,2})
≥ 0 (3.37)

because Q{−1,1}+Q{−1,2} ≥ QN. The Gately-DBP is greater than or equal to the Shapley-
DBP. This result indicates that Gately’s solution also supports the demand-side domi-
nance in the international permit market. If permit supply is excessive, i.e., if |C−1| ≤ C1

and |C−1| ≤ C2, we obtain

πS
B =

2

3
and πG

B = 1. (3.38)

Gately’s solution gives the extreme payoff allocation in which the buyer monopolizes the
collective payoff. From U−1 = ϕ′

−1 (Eq. (3.1)), permit price is zero. If permit demand is
excessive, i.e., if |C−1| ≥ C1 and |C−1| ≥ C2, we obtain

πS
B = πG

B =
1

2
. (3.39)

In this case, the Gately-DBP is equal to the Shapley-DBP.
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3.4 Summary and Conclusion

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 (CO2) emissions. The IET
controls CO2 emissions through the allocation of marketable emission permits to coun-
tries. High permit prices provide industrialized countries with an incentive to reduce their
CO2 emissions. However, the IET under the first commitment period (CP1) has suffered
from low prices. The downward trend in permit price is attributed to the deficiencies
of the Kyoto Protocol: weak compliance enforcement, the generous allocation of permits
to transition economies (known as hot air), and the withdrawal of the US. Market data
suggest that the international permit market under CP1 was a buyer’s market dominated
by price-making buyers. In this chapter, I develop a coalitional game of the IET, and
demonstrate that permit buyers have dominant bargaining power under the Kyoto Pro-
tocol. 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 determined by bargaining among the members of a coalition. Using Shapley value,
I evaluated the demand-side and supply-side bargaining power (DBP and SBP) in the
market. The main results are as follows: (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 a low
level through bargaining. The deficiencies of the Kyoto Protocol enhance the DBP, and
contribute to the demand-side dominance in the international permit market.
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Table 4.1: Payoff matrix of the energy choice game coupled with the CET game.

C D

C −E1PC, −E1PC + 1
2
λ1Q1,

−E2PC −E2PD + 1
2
λ1Q1

D −E1PD + 1
2
λ2Q2, −E1PD,

−E2PC + 1
2
λ2Q2 −E2PD

Chapter 4

Discussion

The mosquito net game and the CET game were static games with complete information.
I conclude this doctoral thesis by discussing the extension of the two games into dynamic
games with incomplete information.

4.1 Energy Choice under Emissions Trading

Consider a two-player non-cooperative game as follows. The set of players is N := {1, 2}.
Each player i ∈ N uses Ei of energy for economic activities. Two types of energy are
available: Σ := {C,D}. Energy C has a positive CO2 intensity (CO2 emissions per unit
of energy use), while energy D has a zero CO2 intensity. Energy C is cheaper than energy
D. Each player chooses energy C or D. Let σi ∈ Σ be the energy type chosen by player i.
Let Iσi

and Pσi
be CO2 intensity and price of energy σi, respectively. Then IC > ID = 0

and PC < PD. Each player’s energy cost is given by −EiPσi
. Clearly, the use of energy

C is the dominant strategy for both players. This energy choice game has the dominant
strategy equilibrium (C,C). The total CO2 emissions are (E1 + E2)IC.

The result of the energy choice game is pessimistic. Here I couple the energy choice
game with the CET game to improve the solution. The players play the CET game after
the energy choice game. Assume that each player has permits of EiĪ (Ī ∈ (0, IC)) in
advance. A player using energy C is a permit buyer, and a player using energy D is a
permit seller. If both players choose the same type of energy, no permit transfer occurs.
Table 4.1 is the payoff matrix of the coupled game. λi denotes the WTP of player i, and
Qi denotes the volume of permits transferred from player i to another player. The Nash
equilibrium of this payoff matrix is illustrated as Figure 4.1. In the coupled game, the
use of energy D can be an individually rational strategy. If λ1 ≥ L21 := 2E2(PD−PC)/Q1

or λ2 ≥ L12 := 2E1(PD−PC)/Q2, a player chooses energy D, and sells surplus permits to
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−𝐿22 

Figure 4.1: Distribution of Nash equilibria of the energy choice game coupled with the
CET game. The border Lij (i, j ∈ N) is given by 2Ei(PD − PC)/Qj . In the coupled game, the use of
energy D can be an individually rational strategy. However, the Nash equilibrium of (D,D) is achieved
only if the players are subsidized (λ1 < 0 and λ2 < 0).

another player. The total CO2 emissions decrease from (E1 + E2)PC to E1PC or E2PC.
This result suggests that emissions trading contributes to the shift from energy C to D.
However, the Nash equilibrium of (D,D) is achieved only if the players are subsidized
(λ1 < 0 and λ2 < 0). In the CET game, both buyers and sellers receive benefits from
emissions trading. Therefore the players attracted to (C,D) or (D,C) cannot move to
(D,D).

The above game assumes complete information. Every player has all information
relevant to its payoff, and can choose the best response to the other player’s strategy.
In this case, the Nash equilibrium is expected to be achieved. However, it is usually
difficult for us to know other people’s WTPs in advance. If information about the WTPs
is incomplete, a player is forced to choose a strategy under uncertainty. As a result, a
solution achieved by players may deviate from the Nash equilibrium. The energy choice
game with incomplete information can be solved by reinforcement learning. Each player
stochastically chooses a strategy based on its preference. The preference is updated by
the payoff allocation at the solution. The updating process is described by the Roth-
Erev model [80, 81]. The players approach a mixed strategy equilibrium as the number
of iterations increases.

4.2 ITN Use and Minority Game

In the mosquito net game with complete information, the players know the true values of
the ITN parameters (α1, α2, and β). Obviously, this assumption is not realistic. People
living in malaria endemic areas may know that proper ITN use contributes to malaria
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prevention, and may know that improper ITN use enhances their labor productivity.
However, it is difficult to measure the ITN parameters in advance. In the mosquito net
game with incomplete information, each player needs to predict other players’ strategies
based on experience. If most of the players choose strategy T (proper ITN use), the
infection probability becomes low, and strategy F (improper ITN use) is profitable. If
most of the players choose strategy F, the infection probability remains high, and strat-
egy T is profitable. Although the payoff allocation at a solution depends on the ITN
parameters, a minority is expected to win the game. The payoff allocation at each time
step is reflected in the players’ actions at the next time step. This game has a similar
structure to the minority game [82]. The minority game is a mathematical formulation of
the El Farol Bar problem proposed by Brian Arthur [83]. A clear review on the minority
game is provided by Esteban Moro [84].
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