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Abstract. We propose a two-stage noncooperative game theoretic model to describe the coalition for-
mation of countries which decide to jointly invest in research and developments projects to mitigate the
damages induced by climate changes. The first-stage game is a finite game where each country has
only two strategies: sign or not an international agreement with other countries, while the second-stage
game is a generalized Nash equilibrium problem, where each country aims to find the optimal levels
of pollutant emission and effort in research and development projects. The variational equilibrium of
the second-stage game is reformulated as an equivalent variational inequality with a reduced number of
variables and the monotonicity of the corresponding operator is investigated. Finally, the impact of the
coalition on the reduction of the environmental damage is numerically investigated.
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1. INTRODUCTION

The well justified need to establish international agreements to jointly fight the adverse ef-
fects of climate change led in 1992 to the United Nations Framework Convention on Climate
Change (UNFCCC), which is a multilateral treaty to stabilize greenhouse gas (GHG) concentra-
tions “at a level that would prevent dangerous anthropogenic (human-induced) interference with
the climate system”. The subsequent Kyoto Protocol, in 1997, aimed to commit the signatory
countries (Parties) to reduce the GHG emissions, starting from 2005, but was not implemented
by most of the Parties. A new, legally binding, international treaty was then signed in Paris in
2015 by 196 countries, and every year countries who have joined the UNFCCC meet to measure
progress and negotiate multilateral responses to climate change, with the last conference of the
parties (COP) being held at the end of 2023 in Dubai. COPs are crucial in bringing govern-
ments together while also mobilizing the private sector, civil society, industry and individuals
to tackle the climate crisis. While reducing GHG emissions is considered a priority, in the last
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years the COPs also focused on accelerating a global energy transition, and helping countries
adapt and build resilience climate damages. The new key-word launched by the COPs was thus
adaptation, in the broad sense of adjustments in ecological, economic or social systems to coun-
terbalance the already occurred, or potential, impact of climate change. It was thus suggested
that international agreements also include the possibility that the Parties cooperate in research
aimed at developing new strategies and technologies to implement adaptation.

Mathematical models of international agreements on climate change have then been designed
to incorporate adaptation [3, 4, 7, 8, 14]. Our treatment is along the same lines as in [13, 15, 16]
and further develops the Game Theory model put forward in [19]. Specifically, we assume that
each country controls two variables: the level of pollutant emissions (related to its industrial
production) and the amount of financial resources spent on research and development (R&D) to
find out new adaptation technologies. Each country aims to optimize a utility function including
the revenue due to the industrial production, the investment costs in R&D and the environmental
impact. We consider the possibility that some of the countries jointly invest in some research
project to increase the reduction of the environmental impact of pollutant emissions. Since
the environmental impact measured by each country depends on the pollutant emissions of all
the countries, we formulate the problem of finding the optimal levels of pollutant emissions
and investments in R&D of each country as a generalized Nash equilibrium problem (GNEP)
(see, e.g., [5, 17, 22]), where the countries that jointly invest in R&D projects share a budget
constraint. We focus on the variational equilibria of such GNEP and prove that, under mild
assumptions, they can be found by solving a reduced variational inequality which only contains
the variables which describe the investments in R&D. Moreover, we provide some conditions
on the model’s parameters that guarantee the strong monotonicity of the map of the reduced
variational inequality and hence the uniqueness of the variational equilibrium of the GNEP. The
analysis above holds for a fixed coalition and does not investigate the problem of the coalition
formation, i.e., whether a country should find convenient to be a member of a research team with
other countries. For this, we consider a two-stage game model, to be solved backwards, that
is, we first look for the variational equilibrium corresponding to all possible coalitions and then
model the membership problem as a finite Nash game, where each country has a binary variable
describing its membership in the international coalition. Our numerical experiments show that
the grand coalition, with all countries counted in, is a Nash equilibrium of the membership
game. Moreover, we provide a sensitivity analysis of the total pollutant emission and total
environmental impact at equilibrium with respect to some model parameters.

The contribution of the paper is twofold. From a modeling point of view, we propose a
two-stage game model, where the first-stage finite game formulates the membership problem,
while the second-stage game is a GNEP with shared constraints. Our model generalizes both
the approach in [19], where only the second-stage game is considered, and in [15, 16], where
the model parameters do not depend on the specific country and a GNEP model is not consid-
ered. From a methodological point of view, we reformulate the variational equilibrium of the
second-stage game as an equivalent variational inequality with a reduced number of variables
and investigate the monotonicity of the corresponding operator.

The paper is structured as follows. In the subsequent Section 2 we introduce the notation and
formulate the two-stage game model. In Section 3, we assume that the emissions of all countries
are strictly positive and, by suitably exploiting the KKT conditions associated to our problem,
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show that the second-stage GNEP can be reformulated as one which involves the investment
variables only. The case where no coalition is formed is also investigated and we show how it
can be cast in the framework of the so called Network Games (see, e.g., [10]); this section also
contains a brief recall on the variational inequality approach to be used. Section 4 is devoted
to investigate the monotonicity properties of the operator of our variational inequality (the so
called pseudogradient of the game). In Section 5, we discuss some numerical examples of our
model, while Section 6, the last section, outlines some future research directions.

2. TWO-STAGE GAME MODEL

Throughout the paper, vectors in R” are understood as columns, when involved in matrix
operations, a' denotes the transpose of vector a and a'b the standard scalar product in R™.
Furthermore, as is usual in Game Theory, the notation x_; = (x1,...,Xi—1,Xi+1,---,Xm) and x =
(xi,x—;) = (x1,-..,%n) Will be used when we want to distinguish the role of x; from all the other
components of vector x. We are then given a set of M countries, whose industrial production
generates pollution, e.g., GHG emissions. A standard assumption in economic models is that
the industrial production P; of country i generates a pollutant emission e;, which is an increasing
function of the production, such that zero production implies zero emissions; accordingly the
revenue of a country can be expressed as a function of its emissions. A standard functional
form of the revenue R; is (see, e.g., [13, 15, 16]) R;(e;) = a;e; — %e?, o; > 0. The environmental
impact D; for each country i can depend from the emissions of all the countries. Specifically,
we assume that, in absence of mitigation strategies, the impact is given by

M
Di(e)=PB; Y ej,  Bi>0. (2.1)
j=1

Let us now denote by k; the effort (money investment) in R&D of country i, which entails a cost
given by C;(k;) = %kiz, ¢ > 0, and assume that each country assigns to this activity a maximum
budget of k;. The outcome of the research activity of a given country allows a reduction of the

environmental impact (2.1), which can then be updated to
M

Di(e,ki) = (Bi —0ki) Y ej,
j=1

where the parameter 6 > 0 defines the adaptability (see [15]). We assume f3; > 0k; to ensure that
the environmental damage cannot be transformed to a benefit, and define K; := min{k;, 3;/0}
foreachi=1,... .M.

In the case where a group / of S countries decide to jointly develop research and strategies to
mitigate the environmental damages, and sign a binding agreement, the utility function of each
signatory country i € [ is given by

M
% L, ¢
Uj (e,k) = Qe — <€ — _ki — ﬁ,’— 0 ij Z ej,
2 2 . =
Jjel j=1
that is the difference between the revenue and the sum of the investment cost and the envi-
ronmental impact. Notice that the reduction of the environmental impact depends on the joint
investment of all the signatory countries.
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On the other hand, the utility function of each non-signatory country i ¢ I is

M

ui(e,k) =o;€e; — %elz — %klz — (ﬁl — Gki) Z ej,
j=1

where the reduction of the environmental impact depends on only its own investment ;.

Clearly, the case where no coalition is formed, or the case of all countries allied (grand
coalition) can be viewed as a special case of the formulation above. We assume ¢ > 672 so that
the standard concavity assumption on both u;(e, k) and u;” (e, k), with respect to (e;, k;) for each
fixed value of (e_;,k_;), is satisfied.

Each country must make two types of decisions: first, it must decide whether to sign a binding
agreement with other countries to be part of an international coalition; then, once the coalition
is formed, it must decide on the optimal level of pollutant emissions and investment in R&D.
Since the utility of each country depends on the choices made by other countries, both in terms
of the coalition to be formed and the levels of pollutant emissions and investment in research
and development, we formulate this problem as a two-stage non-cooperative game where the
players are the countries considered. In the first-stage game we endow each player i with a
binary variable s; such that:

1 if player i signs the agreement,
S; =
l 0 otherwise.

Once the coalition represented by the vector s is fixed, we define the second-stage game as a
GNEP, where each signatory player i, i.e., with s; = 1, aims to solve the problem

max u? (e,k) (2.2a)

s.t. e; >0, (2.2b)
ki >0, (2.2¢)
Y ki <K, (2.2d)
Jjel

where I = {i: s; = 1} and K; =} j; K, while each non-signatory player i, i.e., with 5; = 0,
aims to solve the problem

max u;(e,k) (2.3a)

e, ki

s.t. e, >0, (2.3b)
0<k <K;. (2.3¢)

Notice that the second-stage game is a GNEP because constraints (2.2d) are shared between
the players joining the coalition. Without loss of generality, we assume that the set I of players
joining the coalitionis I = {1,...,S}. Letz; = (e;,k;) forany i=1,...,M, z = (z1,...,2m), and,

with a slight abuse of a notation, write u;(e,k) = u;(z) and u;” (e, k) = u7” (z). Moreover, let

Z = ZERi_MZkISKh kl§K17VI¢I
Jjel
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A simultaneous solution of the optimization problems (2.2)—(2.3) is a generalized Nash equi-
librium specified as follows.

Definition 2.1 (Generalized Nash equilibrium of the second-stage game). A point z* € Z is a
generalized Nash equilibrium of the second-stage game iff

u? (z},2%,) > ui (z,2";), ¥z suchthat (z;,2",) €Z,Vi€el,
ui(z,z25;) > ui(zi,25,), V z; such that (z;,z",) € Z, Vi ¢ I.

It is well known that GNEPs may have infinite solutions (see, e.g., [22]) among which the so
called variational ones are of particular interest from the socio-economic point of view. Indeed,
variational solutions are characterized by the fact that the Lagrange multipliers corresponding
to the shared constraints are the same for all players. In our problem, if, at equilibrium, the
investments are positive for all members of the coalition, then the marginal utilities, 8u;~5ﬂ / ki
of all the players in the coalition are the same, which can be considered as a desirable fair-
ness requirement. A variational equilibrium z* of the second-stage game is any solution of the
variational inequality VI(Z,T): find z* € Z such that T(z*) " (z — z*) > 0 for all z € Z, where
T : R?M 5 R?M s the pseudo-gradient of the game, i.e.,

T(2) = = (Veud (2o, Vgt (2), Vg, s 1 (2), -, Veygun 2) )

If, for each coalition, identified by the vector s, the second-stage game yields a unique varia-
tional equilibrium z*(s) = (e*(s),k*(s)) (Theorem 4.1 below provides sufficient conditions for
the uniqueness of the variational equilibrium), then we can define the utility function of each
player i in the first-stage game as

Ui(s) = {uly(f*(s» lfS,i 1,
ui(Z*(s)) if 5;, =0,

that is the utility of player i evaluated at the variational equilibrium z*(s) of the second-stage

game. Thus, the first-stage game (or membership problem) is a M-person finite game where
each player i aims to solve the problem

max Ui(s) (2.4a)
s.t. s, €40,1}. (2.4Db)

A vector s* is therefore a Nash equilibrium of the first-stage game if every player who is in the
coalition has no incentive in getting out, and every player who is out has no incentive in getting
in.

Definition 2.2 (Nash equilibrium of the first-stage game). s* is said to be a Nash equilibrium of
the first-stage game iff U;(s},s* ;) > U;(1 —s7,s* ;) holds for each playeri =1,...,M.

We remark that a trivial Nash equilibrium of the first-stage game is s* = (0,...,0), that is,
the case where no country signs the international agreement. For the reader’s convenience we
summarize the main features of the first-stage and second-stage games in Table 1.
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Game Variables Player i’s problem
First-stage Finite si € {0,1} (2.4)
o 22) ifs;=1
Second-stage GNEP zi = (ei, ki) (2.3) ifsi=0

TABLE 1. Two-stage game model.

3. REDUCED SECOND-STAGE GAME AND VARIATIONAL INEQUALITY FORMULATION

We now show that, under suitable assumptions on the parameters, the variational equilibria
of the second-stage game correspond to the ones of a game involving the k; variables only.

Theorem 3.1. If o; > B; forany i =1,...,M, then z* = (e*,k*) is a variational equilibrium of
the second-stage game if and only if k* solves the variational inequality VI(Q,F): find k* € Q
such that F(k*) " (k—k*) > 0 for all k € Q, where

S
Q:{keR"f: Y k<K, k,-gKi,Vi:S—i-l,...,M},
i=1

and
F(k)=(cI+A)k+q, (3.1)
with
S S 1 1 M M T
A=—6? : ; q= <_92(O‘i—ﬁl)7 7_62(051 ﬁl)) )
S S 1 1 =1 =
and

a—Pi+6 LK, Viel,

e = Jjel

oci—B,-—ka;k, Vl'%]‘

Moreover, if ¢ > S67, then the solutions of VI (Q, F) are the variational equilibria of the reduced
GNEP where each signatory country (i € I) solves

1 M
maxv;” (k) = —E(C—Sez)kiz—f—Ssziij—i— 0%k Y ki+6k Y (o;—PB;)  (3.2)
ki jel j¢l J=1
J#i
s.t. ki >0, ij <Kj,
J€EI
and each non signatory country (i ¢ I) solves
1 M
mkaxv,-(k) =—5(c- 02)k7 +56%k; Y kj+ 6%k Y ki+0k Y. (or;— ) (3.3)
i Jel Jel Jj=1

#i
s.t. 0 <k <K
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Proof. Solving VI(Z,T) is equivalent to solve the corresponding KKT system:
ei—0i+Pi—0) kj—2; =0, Viel, (3.4a)
Jj€el
M
cki—0e;—0Y ej—pi+p =0, Viel, (3.4b)
i=1
J#
ei— o+ B —0ki—A; =0, Vigl, (3.4¢)
M
cki—0e;—0Y ej—pi+v, =0, Vig¢l,  (3.4d)
j=1
J#i
el')l,,'zo, }L,'ZO, 6’,'20, Vi:1,...,M, (346)
,LL,'ki:O, uiZO, k,‘ZO, Vi= ,...,M7 (3.4f)
p() kj—Kp) =0, p>0, Y kj<Kp (3.4g)
Jel jel
V,’(k,’ —K,’) = O, \ (), ki < K;, Vi ¢ 1, (3.4h)

where A; is the multiplier associated with the nonnegativity of emission e;, ; is the multiplier
associated with the nonnegativity of investment k;, v; is the multiplier associated with the upper
bound for the investment k; < K; of the players outside the coalition, and p is the multiplier
associated with coalition’s investment upper bound }_ jc; k; < K;. Notice that all the players i €
share the same Lagrange multiplier associated to the shared constraint (see, e.g., the discussion
in[5,17,22]). If o; > B; forany i = 1,...,M, then

o—Bi+06 ij+ﬂ‘i206i—ﬁi>0, Viel,
jel

e =
oci—ﬁi+9k,~+l,~2a,~—ﬁ,->0, Vi%].
Hence, the complementarity conditions imply A; =0 for any i = 1,...,M. We then have
OC,'-B,’-FG ij, Viel
e = Jel (3.5)
o; — Bi + O0k;, Vidl,

that is, the emissions can be expressed as a function of the investments. Notice that k; > 0O for
any i ¢ I. In fact, assuming by contradiction that k; = 0, we find that (3.4h) implies v; = 0
and (3.4d) gives u; = —OZZJ‘-’[:l e;j < 0, which is a contradiction. Then, it must be k; > 0 and
accordingly u; = 0 holds for any i ¢ I. We then use (3.5) to express the sum of all emissions as:

s
Mx

e = ((Xi—ﬂi)—l-eSij—FQij-

i=1 i=1 jel ¢l
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We then use the above expression in the KKT conditions (3.4b) and (3.4d)-(3.4h) to get rid of
the emission variables:

M
cki—0°Ski—0°S Y k;j—0°Y kj—0) (0 —Bi)—pi+p =0, Viel, (3.6a)
J#i,jel jél i=1
M
cki—0°SY kj—0°ki— 0> kj—0 Y (0 —Bi) — i+ v; =0, Vig¢l, (3.6b)
j€l jél i=1
J#i
/Jiki:()7 NiZOa kiZOa Vi:1’...,M, (36C)
p(Y ki—K)=0, p=>0, Y k<K, (3.6d)
JEl Jjel
Vl'(ki —Ki) = 0, e 0, ki < Ki, Vi ¢ 1. (366)

It is easy to check that (3.6) is the KKT system corresponding to the variational inequality
VI(Q,F).

Finally, if ¢ > 625, then the objective functions v and v; are concave with respect to k; and
the operator F' is the pseudo-gradient of the reduced game. Thus, the variational equilibria of
the reduced game are the solutions of VI(Q, F). O

e
1

Remark 3.1. The special case of the reduced game where no international agreement is signed,
that is, each country invests independently in adaptation technologies, can be framed in the class
of Network Games [10, 20, 21]. Indeed, when I = 0, instead of formulas (3.2) and (3.3), we
only have, foranyi=1,...,M:
1 2\72 2 & &
max vi(k) = ——(C— 2] )ki + 0°k; Z kj + 0k; Z ((Xj — [3]) (3.7)

ngiSKi 2 j:1 ]:1

J#i

Let us now put y := ﬁ):?il(aj —B;)and 6 := %. Thus (3.7) can be written as

1, M
ogmkf‘gxm_iki + vk + ak,]gkj. (3.8)
J#i

It can be easily proven that the simultaneous solution of the optimization problems (3.8) amounts
to solve the system

M
ki=min{ K;, y+8 Y kj ¢, i=1,....M. (3.9)
j=1
J#
The latter system can be solved in closed form in the case where K; = 4o forany i =1,... M.

To that end, let us put 1 = (1,...,1) € RM, denote with G the matrix with entries are g j=1lif
i # j and g;; = 0 and observe that G can be interpreted as the adjacency matrix of an undirected
complete graph. Then, system (3.9) reads as (I — G)k = y1. If the spectral radius r(G) of G is
such that 7(G)8 < 1, the matrix (I — dG) is nonsingular and the solution can be represented as
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the following series expansion:

k=y(I-8G)'1=y7) §’G"1.
p=0

The series expansion above, involving the powers of the adjacency matrix of a graph, was
introduced in the seminal paper [2] in a network model of social relationships. Notice that, with
G given above, the spectral radius is M — 1.

Since our approach to Nash equilibrium problems is based on variational inequalities, we now
recall some concepts which are used to guarantee the existence and the uniqueness of solutions
to a finite-dimensional variational inequality problem (see, e.g., [6, 12, 18]).

Definition 3.1. A map T : R” — R”" is said to be monotone on K C R" iff [T (x) — T (y)] " (x —
y) > 0 for all x,y € K. If the equality holds only when x =y, then T is said to be strictly
monotone. T is said to be B-strongly monotone on K iff there exists B > 0 such that [T'(x) —
T(y)]" (x—y) > Bllx—y|* forall x,y € K

For linear operators on R", the two concepts of strict and strong monotonicity coincide and
are equivalent to the positive definiteness of the corresponding matrix. Conditions that ensure
the unique solvability of a variational inequality problem are given by the following theorem
(see, e.g., [6, 18]).

Theorem 3.2. If K C R" is a compact convex set and T : R" — R" is continuous on K, then
problem VI(K,T) admits at least one solution. In the case that K is unbounded, the existence
of a solution could be established under the following coercivity condition:

[T (x) = T (x0)] " (x — x0)
]| =0 [ — xo|

= —|—oo7

for x € K and some xo € K. Furthermore, if T is strictly monotone on K, then the solution is
unique.

4. MONOTONICITY PROPERTIES

In this section, we give some conditions which guarantee the strong monotonicity of the map
F defined in (3.1).

Theorem 4.1. If

>§+M—S+¢w§+M—$

2
4.1
: 0’, (“.1)

c

then the map F defined in (3.1) is strongly monotone on RM. Moreover, if ¢ > M?>0?, then F is
strongly monotone on RM for every coalition I C {1,...,M}.

Proof. To study the strong monotonicity of the affine map F, we analyze the positive definite-
ness of its Jacobian matrix VF = ¢/ +A. We start with considering the symmetric part of the
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matrix %92:

1 S S+1 M

SFI1 SFI

1 S S =5 =

T S+1 S+1

B_:A+A _ S S S =5 5

_262 S+1 S-é—l S—é—l 1 1

S+1 S+1

M B = 1 ... 1 |

To find the eigenvalues of B, let us group the components of the eigenvector v as

(Vi,...,Vs,Vs41,.--,vy) and write Bv = Av accordingly
S+1 S+1
Sv1 o Svs b s b S = A,
S+1 S+1
SVt Svs b v ek v = Avs,
S+1 S+1
S Vit s b vsg o vn = Avs,
S+1 S+1
vt t— Vs+vsirt+o vy = Avy.
\

Notice that 0 is an eigenvalue of B with multiplicity M — 2 since rank(B) = 2. In order to find
the remaining eigenvalues, we sum up the first S equations in the system above, and then the
remaining M — S equations, to obtain the following system of two equations:

( S M s
S+1
SIS)Y vi+— vi| =A Vi

i=S+1
S+1 S M M
(M—S) TZVi+ Z vi| =2 Z V.
\ i=1 i=S+1 i=S+1
Setting 6 =Y viand =YY  v;, we see
i=1"1 i=S+1 V1
S(S
(=)o + (; Jezo,
M—-S)(S+1
( ;( + )G+(M—S—?L)r:O.

The condition that the determinant A of the system above is zero reads

A2 (24 M—S)A+SA(M—S)— S(M_Si““)z o,
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which yields
A SP+M—SE/(M—S+S52)2+S(M—S)(S+1)2—4S2(M —S)
12 —
’ 2
S+ M-S+ /M(S+M-S)
— : ,

Therefore, the eigenvalues of B are

4 S24-M—S—+/M(S3+M-S5)
1= 2

2 _ 3 _
N = SHMSIVMSEMES) ) with multiplicity 1,

< 0 with multiplicity 1,

A3 = 0 with multiplicity M — 2.
Finally, the eigenvalues of %(VF +VF ") are
¢ — 621; > 0 with multiplicity 1,
¢ — 621, > 0 with multiplicity 1,
¢ > 0 with multiplicity M — 2,
where the second inequality follows from assumption (4.1). Hence, VF is positive definite and

F is strongly monotone on RM.
Finally, we notice that

P M—S+/M(S+M—5)

B 2

is a strictly increasing function of S. Hence, if ¢ > M?82, then ¢ > M?62 = 6%1,(M) > 62 1,(S)
forallS=1,...,M. Thus c — 9212(5) > 0 for any S, that is, F' is strongly monotone on RM for
every coalition. 0

22(S)

5. NUMERICAL EXPERIMENTS

In this section, we show some numerical results to illustrate the two-stage game model de-
scribed in the previous Sections.

We consider a set of M = 10 countries with different values of parameters ¢;, 3;, and ki,
defined as follows:

o=(10,9.5,9, 85,8,75,7,65,6,5),
B =(0.1,0.11, 0.115, 0.12, 0.125, 0.13, 0.135, 0.14, 0.145, 0.15),

k=(2,19,18,1.7, 16,15, 1.4,1.3, 1.2, 1),

and we assume ¢ = 0.05 and 8 = 0.001. The countries are considered in descending order of
wealth, so that the richer a country i is, the greater the value of ¢; and k;. On the other hand,
we assume that the environmental impact of global emissions is greater for poor countries than
for rich countries, that is, the poorer a country i is, the greater the value of ;. The choice of
parameters was partially inspired by [15].

In this setting, the condition ¢ > M?6? holds. Thus Theorem 4.1 guarantees the affine map
F defined in (3.1) is strongly monotone for every coalition I C {1,...,M}. Hence, we refor-
mulated VI(Q, F) as an equivalent convex quadratic optimization problem (see [1]) and solved
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by means of the MATLAB function quadprog from the optimization toolbox. Computations
were implemented in MATLAB R2024a and tested on an Apple M1 Max system with 64 GB
of RAM running under macOS 14.4.

In order to find all the Nash equilibria of the first-stage game, we first computed the varia-
tional equilibrium z*(s) of the second-stage game for all possible binary vectors s € {0,1}19, and
then evaluated the utility function of each player at z*(s). The results show that the first-stage
game has exactly two Nash equilibria: s* = (0,...,0), i.e., no countries sign the agreement, and
s* =(1,...,1), i.e., all countries sign the agreement. All other binary vectors s are not Nash
equilibria, i.e., they do not represent stable coalitions between countries. For instance, the vec-
tors = (1,1,1,1,1,0,0,0,0,0), representing the coalition formed by the first five countries, is
not a Nash equilibrium of the first-stage game because the following relations hold:

Us(1,1,1,1,1,0,0,0,0,0) = 18.3235 < 18.8965 = Us(1,1,1,1,1,1,0,0,0,0),
Us(1,1,1,1,1,0,0,0,0,0) = 14.3186 < 14.8919 = U5(1,1,1,1,1,0,1,0,0,0),
Us(1,1,1,1,1,0,0,0,0,0) = 10.5632 < 11.1373 = Ug(1,1,1,1,1,0,0,1,0,0),
Us(1,1,1,1,1,0,0,0,0,0) = 7.0573 < 7.6327 = Us(1,1,1,1,1,0,0,0, 1,0),

Uio(1,1,1,1,1,0,0,0,0,0) = 1.1735 < 1.7530 = Uyo(1,1,1,1,1,0,0,0,0, 1),

i.e., every country that is not part of the coalition would have an advantage in joining it.

Table 2 shows, for each of the two equilibria of the first-stage game, the variational equilib-
rium of the second-stage game, i.e., the emissions and investments at the equilibrium for each
country, together with the corresponding utilities and environmental impacts. The results high-
light that, for all countries, the equilibrium where the agreement is signed is more beneficial
than the one where it is not signed. In fact, in that case each country increases its utility at the
equilibrium and decreases its environmental impact. Moreover, this benefit is greater for poor
countries than for rich countries. From the global point of view, the total investment in research
and development in the case where the agreement is signed is about 8% higher than in the case
where the agreement is not signed, but this increase allows the total utility to be increased by
about 5% and the environmental impact to be reduced by about 11%, compared with small
increase in total emissions of about 0.2%.

In the following, we analyze the sensitivity of the Nash equilibria with respect to changes of
parameters ¢, 0 and k. Specifically, we modify one parameter at a time by assuming c varies in
the interval [0.01, 0.1], 6 varies in [0.0005, 0.005], while

k=¢e(2,19, 18,17, 16, 1.5, 1.4, 1.3, 1.2, 1),

where € € [0.5, 1.5]. Even in this setting, the first-stage game has exactly two Nash equilibria:
s*=(0,...,0) and s* = (1,...,1).

Figure 1 shows the total pollutant emission, total effort in R&D, total utility, and total envi-
ronmental impact at equilibrium as a function of parameter c, for each of the two Nash equilibria
at first-stage. The results suggest that, for any value of c¢ in the range considered, signing the
agreement by all countries allows for an increase in total utility and a decrease in total environ-
mental impact for a small increase in total pollutant emission and total investment in R&D.

Figures 2 and 3 show the same quantities of Figure 1 as parameters 6 and € vary, respectively.
Even in these cases, the results suggest that signing the agreement by all countries allow for an
increase in total utility and a decrease in total environmental impact. Moreover, the quantities
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s*=1(0,...,0) s =(1,...,1)
Country er(s*) ki(s) U D; er(s*) k(s u? D;
1 9.9015 1.5149 424781 7.4597 99151 1.5146 43.5002 6.4388
2 90.3915 1.5149 36.8446 8.2171 9.4051 1.5146 37.8655 7.1977
3 8.8865 1.5149 31.8404 8.5958 8.9001 1.5146 32.8606 7.5771
4 8.3815 1.5149 27.0861 8.9745 8.3951 1.5146 28.1057 7.9565
5 7.8765 1.5149 22.5818 9.3533 7.8901 1.5146 23.6007 8.3359
6 7.3715 1.5000 18.3274 9.7331 7.3851 1.5146 19.3458 8.7153
7 6.8664 1.4000 14.3227 10.1194 6.8801 1.5146 15.3408 9.0947
8 6.3613 1.3000 10.5674 10.5057 6.3751 1.5146 11.5858 9.4741
9 5.8562 1.2000 7.0617 10.8920 5.8701 1.5146 8.0807 9.8535
10 4.8510 1.0000 1.1780 11.2859 4.8651 1.5146 2.2006 10.2329
Total 75.74 1397 21229 95.14 75.88 15.15 22249  84.88

TABLE 2. Values of pollutant emission (e;), effort in R&D (k;), utility (#;) and
environmental impact (D;) of each country at the variational equilibrium of the
second-stage GNEP, for each of the two Nash equilibria at first-stage: no country
signs the agreement (s* = (0,...,0)) or all countries sign the agreement (s* =

(1,...,1)).

analyzed, particularly total utility and total environmental impact, seem to be more sensitive to
the adaptability parameter 0 than to the other two parameters.

To sum up, all the numerical results of the considered example show that there are only two
stable coalitions in the first-stage membership problem: no country signs the agreement or all
countries sign it. However, the equilibrium in which countries cooperate is globally preferable
to the other because it represents a win-win situation for countries and the environment. In
fact, for a small increase in total emissions, the total utility of countries is greater and the
environmental impact less than the equilibrium in which countries do not cooperate.

6. CONCLUSIONS AND FURTHER RESEARCH PERSPECTIVES

In this paper, we investigated a game-theoretical model of international agreement stipulated
to mitigate the environmental damage due to climate change, by investing in new technolo-
gies. While the ecological issues are of the utmost importance in the agenda of the European
Commission, there is no unanimous agreement on how countries with different levels of in-
dustrialization and social welfare should contribute to mitigation strategies. In this respect, our
model provides a solution which entails the equality of the marginal utilities (with respect to
investments) of the cooperating countries, which can be viewed as a social equity requirement.

In future work, we plan to investigate models where countries can form coalitions not only
to invest in R&S but also to jointly bound emissions, in the spirit of Kyoto Protocol (see, e.g.
[9]). Moreover, it would be interesting considering the spillover of the research results of the
signatory countries on the other countries. Indeed, while it is assumed that the countries in
the coalition share the outcomes of their research efforts, one cannot rule out that part of the



80 M. PASSACANTANDO, F. RACITI

Total pollutant emission at equilibrium as parameter ¢ varies Total effort in B&D a‘t equil‘ibrium‘ as par‘ametel‘" ¢ varies
: : : . : : . .

16 . T T
——no country signs no country sig,:ns
75.88 all countries sign |+ 15- all countries sign |
75.86 . 14 7
2 75.84 |- 1 ?g 18 J
£ 4
; 75.82 | , Eo2f ,
g E
= .
= msf 8 St 8
A =
T,OE 75.78 |- 9 HO 10 -
B
7576 |- , ol b |
wal 8 sl N\ 1
75.72 : : : L ! ! ! ! . 7 \ . . . . . . . .
oot 002 003 004 005 006 007 008 008 01 011 001 002 003 004 005 006 007 008 009 01 011
c c
(A) Total pollutant emission at equilibrium. (B) Total effort in R&D at equilibrium.
Total utility at equilibrium as parameter ¢ varies Total environmental impact at equilibrium as parameter ¢ varies
224 T T T T T T T T 96 T T T T T T T
——no country signs .
all countries sign
222 — 94 8
k3]
3
2,
220 |- 1 g 92 B
I 3
= g
g g
218 - , B oot ,
3 g
= =
216 - c
6 , 3 88 - —
S
214+ 8 86 | B
no country signs
all countries sign
212 L L L L T T L 84 L L L L L L L L L
001 002 003 004 005 006 007 008 009 01 011 001 002 003 004 005 006 007 008 009 01 011
c c
(¢) Total utility at equilibrium. (D) Total environmental impact at equilibrium.

FIGURE 1. Total pollutant emission, total effort in R&D, total utility, total en-
vironmental impact at equilibrium, for each of the two Nash equilibria at first-
stage, as a function of parameter c.

knowledge thus acquired becomes accessible also to the non-signatory countries. Another chal-
lenging research direction regards the computation of the first-stage Nash equilibrium for large
coalitions. Indeed, following our approach based on the complete enumeration of all possible
coalitions it is impossible to treat the case of more than around twenty signatory countries.
This problem was circumvented by the authors in [15] by treating all the countries on the same
footing from the point of view of their GHG emission potential, which is not realistic. As a con-
sequence, what matters in their computations is not the number of possible coalitions, but only
their size. New efficient numerical methods will have to be developed to tackle this problem.
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FIGURE 2. Total pollutant emission, total effort in R&D, total utility, total en-
vironmental impact at equilibrium, for each of the two Nash equilibria at first-
stage, as a function of parameter 6.
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