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We introduce polluting emissions in a sequential noncooperative oligopoly model of
bilateral exchange. In one sector a leader and a follower use polluting technologies which
create negative externalities on the payoffs of strategic traders who belong to the other
sector. By modeling emissions as a negative externality, we show that the leader pollutes
more (less) than the follower when strategies are substitutes (complements). Then, we
consider the implementation of public policies to control the levels of emissions, namely two
taxation mechanisms and a permit market. We study the effects of these public policies.
Moreover, we determine the conditions under which these public policies can implement
a Pareto-improving allocation.
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1. INTRODUCTION

One can consider that there are two main types of pollution: (i) global pollution,
mainly the CO2 emissions, but also the GWP gases (high global warming poten-
tial gases) we can cite HFCs (hydrofluorocarbons), PFCs (perfluorocarbons), SF6
(sulfur hexafluoride), NF3 (nitrogentrifluoride), CF4 (tetrafluoromethane or carbon
tetrafluoride), and so on-; and (ii) local pollution, where some firms pollute some
consumers.* In this paper, we consider the second type of pollution, which can be
composed of fine particles, toxic products, all can be considered as fatal products of
the production process-, etc., and even acid rains in Germany some years ago. Lo-
cal pollution concerns one or more polluters (often firms) and one or more polluted
(often consumers), all being well identified, unlike global pollution. Pigou’s carbon
tax (Pigou 1932; Barnett 1980; Weisbach and Metcalf 2009; Metcalf and Weisbach
2013; Metcalf 2019) is considered as the main tool to regulate local pollution, even
if the carbon taxes are not as all taxes very well accepted by the firms, but also by
the consumers who understand that the price charged by the firms will necessarily
increase. Indeed, the principle of carbon tax is to raise by a tax the marginal cost
of the polluter to obtain the equalization of the marginal cost of polluters and of
polluted at equilibrium. It should be underlined that the new equilibrium does
not implies that pollution is eradicated: to the contrary, at equilibrium, both sides
polluters and consumers commonly agree to accept a non-zero level of pollution.
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Most studies have examined the relation polluter-polluted, by using a partial
equilibrium approach (see Montero 2009; Lehmann 2010; de Vries and Hanley 2016;
and Hintermann 2017, for surveys). Because of the complementarities and substi-
tutabilities between commodities that exist through agents’ preferences, it is nec-
essary to take into account the role played by the preferences of agents on the
effectiveness of emission regulation policies. Thus, it would be interesting, instead,
to consider this relation in a framework which analyzes the strategic behavior of
agents in interrelated markets. Moreover, it turns out that positive and norma-
tive approaches to environmental pollution problems with strategic interactions
have been studied mainly in markets where the demand side is assumed to be
competitive and the supply side embodies a finite number of firms which have a
Cournotian behavior in a simultaneous-moves game (see, for instance, Hintermann
2017 for usual partial equilibrium approaches, and Crettez et al. 2021 for a general
equilibrium approach). In this paper, we consider a two-stage game with complete
information of a market exchange economy in which all traders behave strategically
to exploit the potential gains from trade on both the demand and the supply sides.
Overall, our main objective is to investigate whether public policy implementation
can affect local polluting behavior in a sequential strategic multilateral exchange
model with production.

1.1. Motivations

The motivations are twofold. First, we consider polluting emission behaviors in
a sequential game in which all agents behave strategically. To this end, we consider
polluting emissions, such as those modeled by Crettez et al. (2021), in the sequential
bilateral oligopoly model of Julien and Tricou (2012), which extends the bilateral
oligopoly model with a finite number of traders introduced by Gabszewicz and
Michel (1997), and explored by Bloch and Ghosal (1997), Dickson and Hartley
(2013), among others.” In a first sector, one leader and one follower have inherited
a technology with which they produce one good. In a second sector, a good, which
is also used as a production factor, is initially held by a finite number of followers.
The production activity generates polluting emissions, i.e., negative externalities
on traders’ utility who belong to the other sector. The strategic traders compete
on quantities, and try to manipulate the relative price through their supplies. As
all agents behave strategically, there is no assumption of price-taking behavior and
the market demand is not given. Endogenous demands seem to be important for
pollution analysis insofar as the space over which traders’ preferences are defined
includes the polluting commodity. Correlatively, polluting emissions are linked to
agents’ strategies which are themselves partly determined by their preferences.

In addition, how we implement our strategic game will be critical. Therefore, our
model will allow us to define a two-stage quantity setting game where the players
are the traders, the strategies are their supplies, and the payoffs are the utility levels
they reach in the market outcome. We will get a subgame perfect Nash equilibrium
of the two-stage game, namely the Stackelberg-Nash equilibrium with emissions,

5The class of strategic bilateral exchange models represents a two-commodity version (a two-
sector model) with resource specialization (agents have corner endowments) of the strategic market
games models with a finite number of traders introduced by Shubik (1973), and Shapley and
Shubik (1977). In bilateral oligopoly, each trader has corner endowment but wants to consume both
goods. There is a market price which aggregates the strategic supplies of all traders and allocates
the amounts traded to each trader. The noncooperative equilibrium concept is the Cournot-Nash
equilibrium (CNE henceforth). For a survey on bilateral oligopoly, see Dickson and Tonin (2021).



which we will compute.® In our bilateral oligopoly model with Stackelberg-Nash
competition, strategies could be either substitutes or complements, while if compe-
tition is of the Cournot-Nash type, strategies can only be complements. We will de-
termine whether the possibility for strategies to be complements or substitutes can
affect the emission’s behavior. Thus, this will lead us to compare the Stackelberg-
Nash equilibrium with emissions with the Cournot-Nash equilibrium with emissions
which would have resulted if the game were instead a simultaneous move game.

Second, we analyze and compare three kinds of regulation to control the levels
of emissions in our sequential model: a competitive market of permits, and two
different kinds of taxation mechanisms, namely, a tax on emissions, and a per unit
tax on the strategic supplies when exchange takes place. We will determine whether
polluting emissions can be limited either by the permit market or by any taxation
mechanism. We focus on the effects and the performance of these three kinds of
regulatory policies by comparing the effects of these public policies, and we will
determine the conditions under which these public policies will be Pareto-improving.
To this end, we study whether the sequential strategic behavior setting affects the
effectiveness and the efficiency of public policy. More specifically, we will wonder
whether the possibility for strategies to be complements or substitutes matters for
the effectiveness and efficiency of public policy. This will lead us to compare the
effects of these public policies with the effects which would have been obtained in the
simultaneous move game in which all traders had instead a Cournotian behavior.

1.2. Contribution

Our contribution to the literature is twofold. The first contribution concerns
the introduction of pollution in a sequential strategic market game with production.
The second contribution concerns the comparative statics exercises which relate to
public policies in our setting.

First, strategic interactions belong to Stackelberg competition. Thus, we would
like to determine whether the sequential strategic decisions will affect the polluting
behavior in bilateral oligopoly. The strategic two-stage structure will capture some
specific features such as heterogeneity in market power. Indeed, the emissions will
differ across traders who produce the polluting commodity insofar as the game
can display either strategic complementarity or strategic substitutability within a
given sector. We will notably wonder whether the leader pollutes more (less) than
the follower when strategies are substitutes (complements). In addition, we will
compare the levels of polluting emissions at the Stackelberg-Nash equilibrium with
those obtained at the Cournot-Nash equilibrium.

Some strategic market games with environmental issues have already been stud-
ied under Cournot competition. For instance, Godal (2011) analyze various models
of non-cooperative pure exchange (without production), and consider how they
should be adapted to emission markets. By using a strategic bilateral pure ex-
change model with interior endowments, he shows that a strategic seller (resp.
buyer) had a marginal payoff that is below (resp. above) the equilibrium market
price. Here, we will rather consider a strategic bilateral exchange model in which

61t is common knowledge that, in strategic market games, and thus in bilateral oligopoly games,
the trivial equilibrium is always a Nash equilibrium of the game (Cordella and Gabszewicz 1998;
Busetto and Codognato 2006). Therefore, a critical issue concerns the existence of an equilibrium
with trade. To simplify the analysis of the strategic equilibrium, and to perform some comparative
statics exercises, we will consider a simple model with non-trivial strategic equilibria.



production generates pollution. Therefore, an important point is that pollution is
endogenous and the permit market is only one possible instrument among others
to reduce polluting emissions.

Second, our model is, to the best of our knowledge, the first strategic sequen-
tial model in interrelated markets that compares three kinds of regulations: two
taxation mechanisms along with a permit market. We will examine the effects and
the performance of these three kinds of regulatory policies. We will consider first
two taxation mechanisms: an ad valorem tax on emissions, and a per unit tax on
the supplies when strategic exchange takes place. Taxation mechanisms have been
studied in pure exchange bilateral oligopolies under the assumption of Cournot com-
petition by Gabszewicz and Grazzini (1999, 2001), Grazzini (2006), and Elegbede
et al. (2021).” Here, for each taxation mechanism, we will assume that the to-
tal product of the tax is used to finance some given public expenditure. We will
compare the efficiency of the two taxation mechanisms. Then, we will introduce
a competitive permit market, and we will determine the conditions under which
the polluting emissions of the leader and the follower decrease with the price of
permits. Additionally, we will study the effect of an increase in the price of permits
on the payoffs of traders who bear negative externalities due to pollution. Besides,
we will study the extent to which the effectiveness and the efficiency of these pub-
lic policies implemented to remedy market failures - indeed negative externalities
and inefficiencies caused by imperfectly competitive behavior - are specific to the
sequential decision setting.

1.3. Literature review

There is a huge literature devoted to polluting emissions under strategic interac-
tions in a partial equilibrium framework (see Montero 2009 and Hintermann 2017
for surveys, and Hintermann 2017 for empirical evidence). The models consider
either that the supply side of the single commodity market embodies a dominant
firm which interacts with a competitive fringe (Hahn 1984) or focus on market
power stemming from oligopolistic firms that manipulate the allocation of emis-
sion rights for predatory purposes (Von der Fehr 1993; Eshel 2005), which opens
the possibility of making market power endogenous (Lange 2012). Moreover, the
welfare implications of permits markets are studied notably in Sartzadakis (1997,
2004) and Gersbach and Requate (2004).® Christin et al. (2021) show that the

TGabszewicz and Grazzini (2001) study three kinds of fiscal policies with transfers: taxing trade
and endowments by subsidzing an outside agent who is deprived from any commodity; and taxing
endowments and subsidizing both the outside agent and the traders. By assuming that agents’
preferences are represented by the same Cobb-Douglas utility function, they show that the first
two kinds of lump-sum taxes with transfers can only reach a second-best, whilst the third one
leads to a first-best. Gabszewicz and Grazzini (1999) focus on endowment taxation with incentive
transfers in the linear, Cobb-Douglas, and CES bilateral oligopoly models. They show that such
a taxation mechanism with transfer can lead to a Pareto-optimal allocation. By using a Cournot-
Walras equilibrium model, Grazzini (2006) shows that per unit taxation welfare dominates ad
valorem taxation when the number of competitive traders is sufficiently high compared to the
number of strategic traders. Elegbede et al. (2021) consider a bilateral oligopoly model in which
the preferences of traders are represented by CES utility functions with non unitary shares on
consumption. They show that both fiscal policies with transfers implement a first-best allocation
only when commodities are perfect complements or perfect substitutes.

8Gersbach and Requate (2004) study how refunding schemes should be designed to create
incentives for oligopolistic firms to produce an efficient level of output, to optimally abate emissions
and to invest in cleaner technologies.



type of pollution abatement technology that is used in an industry has an impact
on the way the cap-and-trade system affects the product market oligoplistic equi-
librium. The literature explores mainly the link between abatement technologies
and emissions (Haita 2014). Our model rather focuses on (sequential) emission’s
behavior and the effects of regulatory policies such as taxation mechanisms and
trading emission rights in interrelated markets.

Taxation mechanisms in a strategic general equilibrium framework with envi-
ronmental issues have already been investigated. Crettez et al. (2021) consider a
two-sector model with pollution permits in which some traders behave a la Cournot
while a representative consumer behaves as a price-taker. Strategic traders have in-
herited some polluting technology which specifies how to produce some amount of
one commodity with some amount of the other commodity which is initially held
by a competitive trader. The authors show that a supply subsidy can be Pareto im-
proving when the agents sufficiently value the produced good insofar as it enlarges
the size of trades. Our model differs from the previous one in several ways. First,
here all agents behave strategically; the game includes one leader and several follow-
ers, which introduces heterogeneity in strategic behavior. Second, producers have
different technologies, which introduces a second source of heterogeneity. Third,
pollution creates negative externalities on the utility of some traders. Fourth, fiscal
policies differ insofar as they consist either of taxing supplies when exchange takes
place or taxing emissions, and, no supply subsidy mechanism is proposed.

Our model also complements sequential games with a permit market (Godal
and Holtsmark 2010; Dickson and MacKenzie 2018). Godal and Holtsmark (2010)
consider a finite set of jurisdictions, with a government and a firm per jurisdiction.
In the first stage, each government determines an acceptable amount of emission
which is redistributed within its jurisdiction to firms, and it levies tax on domestic
emissions. In the second stage, firms determine emissions levels and pay taxes. They
show that the only major effects of permits exchange are that taxes on domestic
emissions are reduced and some income is redistributed, so non-cooperative behav-
ior yields inefficient outcomes. Here, in addition to taxation on emissions, we will
consider another mechanism of taxation, which consists of taxing supplies when
exchange takes place, which we want to compare with the tax on emissions. Dick-
son and MacKenzie (2018) consider the implications of strategic trade in pollution
permit markets in a two-stage game. In a first stage, the permit market is modeled
as a bilateral oligopoly with strategic firms, and their roles as buyers or sellers of
permits are determined. In the second stage, firms transact either competitively or
strategically in a commodity market. One point is that comparative statics exercises
are difficult to handle when the firms have a Cournotian behavior on the commodity
market as the market outcome depends on each firm’s marginal cost in relation to
those of its rivals. As a consequence, the overall effect of strategic behavior in the
product market cannot be ascertained. However, in our model, strategic behavior
only holds on the commodity markets, and we will rather focus on the effects of
pollution as well as on the (comparative) efficiency of the two taxation mechanisms
and the permit market.

The remainder of the paper unfolds as follows. In Section 2, we describe the
model. In Section 3, we compute the non-cooperative sequential equilibrium with
emissions. Section 4 is devoted to the implementation and the effects of two taxation
mechanisms. In Section 5, we study the effects of the implementation of a permit
market. In Section 6 we conclude. An Appendix collects some useful computations.



2. THE MODEL

Consider an economy with two divisible homogeneous commodities labeled X
and Y. Let px and py be the corresponding unit prices. We assume that commodity
Y is the numeraire, so py = 1. The economy embodies n + 2 agents of two types:
two agents of type I, who are consumers and producers, and n agents of type II,
with n > 2, who are pure consumers.” Type I agents are indexed by 4, i € {1,2},
and type IT agents are indexed by j, j € {1,...,n}.

2.1. Endowments, preferences and technologies

The endowments of the two agents of type I and the n agents of type II are
given by:

w; = (0,0), 1 =1,2, (1)
1. .
wi=(0.2), j=1,m (2)

Therefore, commodity X does not exist initially and must be produced. Thus,
we assume, like in Gabszewicz and Michel (1997), that type I traders have inherited
some technology which specifies how to produce some amount z; of good X with
some amount k; of good Y. The production function F;(k;) of agent i is given by
the linear technology:

_ L
B

where 1/3; measures the marginal productivity of the factor of production, so 3,
measures the marginal cost (recall py = 1).

Production is a polluting activity. Following Stockey (1998), Sanin and Zanaj
(2012), and Crettez et al. (2021), we assume that a quantity k; of input generates
a quantity e; of emissions, with e; € R, given by:

1
e;=—ki,v>1,i=1,2, (4)
Y

where v measures the magnitude of pollution. Therefore, commodity X is a pollut-
ing consumption good. From (3) and (4), we can express the production z; of good
X by each agent 7, i = 1,2, in terms of the volume of emissions e;, namely:

2= Ble i=1,2. (5)

The preferences of agents are represented by the following utility functions:
wi(wi,yi) = 2%y % a € (0,1),i=1,2, (6)
uj(z;,y;,e1,e2) = x?‘.yl-fo‘ —pler +e2), a,ue (0,1),5=1,..,n, (7)

9We could consider a game with several leaders and followers, but, to simplify, we consider a
duopoly in the productive sector.



where z (resp. y) are the amount consumed of commodity X (resp. Y), and pu is the
disutility of pollution as emissions display negative externalities on the individual
welfare of agent j =1,...,n.

As benchmark cases, let us compute the competitive equilibria of this economy.
The competitive equilibrium supply is always equal to the amount produced z}.
When 8, # 3,, the relative price is p% = min(8;, 3,). For instance, if 8; < 35, then
p% = B;. Then, the only active producer is ¢ = 1, and her vector of emission and
production levels is (€7, 2]) = (%, [%1), and her allocation is (z7,y7) = (0,0), with

Bin’ n
with utility level u} = (5‘—1)“(1 —a)lmol - ps . Likewise, when 3, > f3;, then

n
p% = B5. Then, the only active producer is ¢ = 2, and her vector of emission and

production levels is (e7, 27) = (£, %), her allocation is (z3, y3) = (0,0), with utility

utility level uj = 0. For each j = 1,...,n, the allocation is (z7},y;) = (5 1=ay

level u3 = 0. For each j = 1,...,n, the allocation is (z},y;) = (%, 1_Ta), with
utility level uj = (B%)O‘(l —a)tod p5 . Finally, when 8, = 3, = 3, the relative

price is p% = . There is a continuum of competitive equilibria parameterized by
the share 6, 0 < 0 < 1. Indeed, the vectors of emission and production levels are
(e1,21) = (0%79%) and (e3,23) = ((1 - 9)%’ (1- 9)%)7 with (e, z7) = (%%7 %%)7
for each 7 = 1,2, when 6 = % In any case, the allocation is (z},y;) = (0,0), with

utility level uj = 0. For each j = 1,...,n, the allocation is (z7,y}) = (ﬁ7 1;‘3“), and

the utility level is u} = (5)%(1 - a)t=ol p5. At each competitive equilibrium,
the total amount of emissions is given by e] +e5 = .

2.2. The associated game

To this economy, we associate a two-stage non-cooperative game I' in which the
players are the traders, the strategies are their supplies, and the payoffs are the
utility levels. This finite game is an extension of the bilateral oligopoly model with
a finite number of traders introduced by Gabszewicz and Michel (1997), and which
introduces pollution in the sequential model of Julien and Tricou (2012).

The game I' displays two stages of decisions and the timing of positions is given.
There is one leader, indeed trader 1 of type I, and the (n + 1) other traders behave
as followers. No trader makes a choice in two subgames. In addition, traders meet
once and cannot make binding agreements. By precluding binding agreements, we
consider that each trader acts independently and without communication with any
of the others. We also assume there is no discounting. Finally, information is as-
sumed to be complete, but information is imperfect between the (n+1) followers.!’
In each decision node, any follower will make an optimal choice, so sequential ratio-
nality prevails. As sequential rationality is common knowledge, the game is solved
by backward induction.

The strategy set of the leader is given by:

Q1 ={gn eRy:qn <=}, (8)

where ¢; represents the pure strategy of the leader. The strategy ¢; represents
the amount of commodity X the leader sells in exchange for commodity Y. The
strategy sets of followers are given by:

10 Any leader perfectly knows the behavior of all followers, and followers perfectly know the
optimal strategy of the leader, but information is imperfect in the subgame between followers.



Q2 = {@(q1) : Q1 — [0,21]}, 9)

Bj :={b;(q1) : @1 — [0, %]}, ji=1,..,n, (10)

where ¢2(g1) is the pure strategy of follower 2 of type I, and b;(g1) is the pure
strategy of follower j of type II, j = 1,...,n. For all ¢1 € @1, the strategy g2(q1)
represents the amount of commodity X type I follower offers in exchange for com-
modity Y, and the strategy b;(q:) represents the amount of commodity Y type II
follower j offers in exchange for commodity X.

A strategy profile is a vector (q1,¢2(q1);b(q1)) = (g1,92(q1);01(q1), -+, br(q1)),
with (q1,42(q1); b(q1)) € [; @i x [1; Bj, where [[; Qi X [; Bj = Q1 x @2 x By X
... X By,. Let b_;(¢q1) denote the strategy profile of all followers of type II but j.
It is worth noting that, for each type I trader, the strategic decision relates to the
supply of goods and not to the quantity of emissions. Indeed, the level of emissions
e;, with e; € Ry, for each i = 1,2, is not a strategy like the supply ¢;, but merely
a decision variable which depends upon the technology of emissions (4), and which
is linked to the production technology (3).!! Therefore, the leader and her direct
follower behave, when they make their production choices, as if they would not take
into consideration the emissions made by her direct rival.

Given a price vector (px,1) and a strategy profile (¢1,g2(q1); b(q1)) € []; Qi X
Hj Bj, the market clearing price px(qi,92(¢1);b(g1)) is determined according to
the following price mechanism which aggregates the strategic supplies of all traders:

>z bi(an)
a1+ aq2(q) (D

To lighten notations, in what follows, let (.) for the vector (¢1,42(q1);b(q1)).
Agents behave strategically, and are aware of their influence on the relative price
px(.)-

pX(Q1,QQ(Q1);b(Q1)) =

Any agent ¢ € {1,2} has two decisions to make: which quantity ¢; of good X
to sell on the market; and, which quantity of good X to produce, which through
(3) and (4) determines the level of emissions e;. Thus, the income of the leader is
equal to her profit II;, where

I (e1, () == px (a1 — n€1- (12)

With this income, the leader finances her purchase of commodity Y which is

equal to II;. She ends up with the bundle of commodities (z1(e1, (.)),v1(.)) =

(ﬁllel —q1 ,1(e1,(.)). Her corresponding utility level is ul(ﬁllel —q1, I (eq, (V).
Likewise, the income of type I follower is equal to his profit IIs, where

Ma(e2, () == px()g2(q1) — vae2- (13)

With this income, the follower finances his purchase of commodity Y which
is equal to IIs. He ends up with the bundle of commodities (x2(e2,(.)),y2(.)) =
(Blzeg —q2 ,1a(ea, (.)). Her corresponding utility level is ug(ﬁlzeg—qg (q1),Oa(ea, (1)).

For each trader ¢ € {1,2}, emissions can be considered as consequences of their own supply
decisions, so each trader’s emissions can be written as function her equilibrium strategy (see
Remark 1 in Section 3).



Any agent j € {1,...,n} has one decision to make: which quantity b; of good Y’
to sell on the market. Follower j € {1,...,n} obtains in exchange for b;(q1) a share
b ((“) of the aggregate supply @, i.e. a quantity of commodity X equal to pxl( )b (q1)
(recall py = 1), and ends up with the bundle of commodities (x;(.),y,(.)) =
(p%(_)bj(ql), L —b;(q1)), with corresponding utility level uj(p( ybi(a1), L—bi(qn)).

Finally, let us define the payoffs of traders. Define the function m; : — Ry X
[1; Qix11; By, (e1, (1)) = mi(ex, (.)). Likewise, define 75 : Ry X[, Qi x[[,; B; — R,
(e2,(.)) — ma(e1, (.))). Finally, for each j = 1,...,n, define m; : — R% x [[, Q; x
[1; By, (e1,€2,q1,92(q1); bj(q1), b—j(q1)) — mj(er, e2,q1,42(q1); b5(q1), b—j(q1)). To
lighten notations, let 7;(.) for m;(e1, e2,q1,92(q1); b;(q1),b_;(q1)). Therefore, the
utility levels of agents may be written as payoffs. For type I agents, we have:

o T.L_l bj ) -«
Wﬂﬁ&»=<;frﬂ0 (EQWSQm—wm> , (14)
a b ) 11—
ma(ez, (1) = (gzez - CI2(Q1)) <Zqij+1qz((q))fh(q1) - 7€2> ; (15)

and, for each j € [1,...,n}, we have:

N a1 +q2(q1) _ ’ 1 17a7 o e
WAJ<%@ﬂ+§:jbﬂmﬁﬂm0 (3-b@) —ueara. o

A Stackelberg-Nash equilibrium (SNE hereafter) of I is given by a (n+2)-tuple
of strategies (1, G2(1); b(q1)) and an emission profile (€, €2) such that:
m1(€1,q1,G2(q1);b(q1)) = mi(er, q1,92(q1);b(q1)) Vb(a1) € [[; Bj Vaa(q1) € Q2

Vql te,Vel €R+, _
m2(€2, 41, G2(q1); b(q1)) = ma(e2; G1,q2(G1); b(G1)) Vg2 € Q2, Vea € Ry;

71 :
7TJ(€1762,<117QQ(CI1) bj ( q1),b_;(q1)) = m;(€1,€2,q41,G2(q1); 0;(q1), b—;(G1)) Vb; €
Bj, foreach j =1,...,n

3. NON-COOPERATIVE EQUILIBRIA WITH EMISSIONS

Let us now turn to the computation the SNE. We also determine the properties
of the equilibrium supplies and emissions, and we show that the SNE is not Pareto-
optimal. Then, we compute the Cournot-Nash equilibrium (CNE henceforth)) of T,
which we compare to the SNE.

3.1. SNE: computation

PROPOSITION 1. The Stackelberg-Nash equilibrium supplies and emissions of
T' are given by:

U 8 _ )
(@1:@) = (§ 5 ik 51— 350250

a(l+a) B 1 208, +(1—a)B 18 1).
€1,62) = ( T ﬂfsa’zav 5 2(1_%*?)%04)’

( Pan—-1 a
zd)_nn a’j_l

PROOF. See Appendix A.l



From (11) and Proposition 1, the relative price is given by px = 20;.

The next proposition provides a result about the nature of strategic interactions
between the leader and the follower of type I, which will be useful later in studying
the implications of market power. The strategies of the leader and the follower are
said to be substitutes (resp. complements) when the best response of the follower
decreases (resp. increases) with the strategy of the leader.!? It transposes to our
sequential quantity setting game the analysis made by Bulow et al. (1985) for the
Cournot market.

PROPOSITION 2. The strategies of the leader and the follower are substitutes
(resp. complements) when B, < By (resp. B, > By).

PROOF. Consider the equation of the best-response given by (A7), i.e., ¢2(q1, b)

—q1 + 4 /5% Z?Zl bjq1. For all ¢; > 0, we have that:

9g2(.) -1 +% <1 Z?:l bj) 111_%

oq1 B
B~y using Proposition 1, it is easy to check that, at a SNE, where g1 = ¢ i 512)2 Z:i
and b; = %%, 7 =1,...,n, we have:
0qa(.
q2( ) |<11:t}1: -1+ &
oq B1

Then, we deduce 8;2(1') lgn=¢: S 0 when 8, < 5. So, the game displays strategic

substitutability (resp. complementarity) between the leader and her direct follower
when 8, < B, (resp. 8, > (,).1

It is worth noting that the possibility for strategies to be substitutes or com-
plements is specific to our sequential setting insofar as if the two agents behave a
la Cournot, in this model where utility functions are such that goods are imper-
fectly substitutable, the strategies of type I agents are complements.'® Indeed, by
using the strategies at the CNE (see Proposition 4 thereafter), the best response

9g2(.) 9q1(.)
8?11 ‘Q1:<§1> 0 and 8112 |Q2:tfz> 0

are increasing functions, i.e., we always have

as 81 + By > /B18;-

Proposition 2 has a direct implication in terms of market power. Let the market
power of traders be measured by their market shares at the SNE. For the leader and

the follower, the market share at the SNE is given by the quantity ql’ﬁ@, i=1,2.
Indeed, as ¢1 — G2 = %ﬁ%%(% — 1), then, ¢; 2 G2 when 8; S 3,. Otherwise,

when 8, = (5, they have the same market power.

We now explore the issue of emissions in this two-stage quantity setting game.

REMARK 1. The emissions of the leader and the follower increase with their
supplies as é; = HTaﬁlcjl and 65 = M(b.

2Tndeed, when the best response is decreasing (resp. increasing) there are strategic substi-
tutabilities (resp. complementarities).

13Tn a two-commodity exchange economy in which preferences of traders are represented by a
CES utility function, Bloch and Ferrer (2001) showed that when commodities are substitutes (resp.
complements) then strategies between traders who belong to the same sector are complements
(resp. substitutes).

10



REMARK 2. The emissions are lower at the SNE than at the competitive

equilibrium: we have & +é; = £ H‘Tag—f +(1- %ﬁ—f)w -l o £ as
1 B Bay2a8,+(1—a)B —1
Lole g (1 352)2000-0% <1 and 221 < 1.

We are now able to state the following result which compares the leader and
follower emissions in the presence of strategic complementarities or substitutabili-
ties.

PROPOSITION 3. At the SNE, the leader’s emissions are higher (resp. lower)
than the follower’s emissions when their strategies are substitutes (resp. comple-
ments).

PROOF. From Remark 1, we have é¢; = 1':“[31(}1 and é; = M@. Let

By =6P;, with 0 <6 <2 as % € (0,2). Then, we have that:

& — &= %{(1 Fa)di — 20+ (1 - )3},

From Proposition 2, we have that § =2 1 if and only if §i < G2. In addition,
asl < d<2and @ €(0,1), we have 1 + o < 2a+ (1 — @) if and only if 6 = 1.
Then, we have é; < é; if and only if 6 = 1.1

Proposition 3 may be interpreted as follows. The source of pollution comes from
the production of commodity X. Less marginal cost means higher production and
more emissions. When strategies are substitutes, the leader has higher market
power (her market share is higher because her marginal cost is lower). Therefore,
the leader produces more and pollutes more than her direct follower.

We determine now the allocations and the payoffs at the SNE. The individual
allocations are given by:

L. afyn—1
(wl,y1)=Zén_a(a,(l—a)ﬁl); (17)
_ o 15, *n-1
=—(1-222 1— - 18
i) = 5 (1- 37 ) 2= (el @) (18)
1l an—-1 1—-«a
i Yi) = | —=— =1,...,n. 1
(@520 = (g5 o i) i = Lo (19)
Then, we deduce the corresponding payoffs for each type I trader:
atl g, 1\“ 1—qan—1
1= == 1-— ; 20
=T () amer i (20)
18,\2/ 1\° n—1
= a+1 _772 i 1_ 11—« . 21
e ( 261) <62> ( %) n—oa’ @)
and, for each type II trader:
(e - B+ -15)2a8 + (1-a)Bs) n— 1
T = ol . (22)
n—a 0 26, n—a

11



Let us consider the welfare properties of the SNE. First, the SNE is not Pareto-
optimal. To see this, consider the marginal rate of substitution of trader k given

by M RS*(Zx,9x) = ?)Z’;%;’:, k =1,7. By using (17)-(19), we see that the marginal

rates of substitution differ accross traders, i.e., M RS*(%;,9;) = 3;, for i = 1,2, and

MRS (%;,7;) = j[jll, for j = 1,...,n. The reason stems from the strategic behavior

of traders who restrict their supplies to increase the relative price. Second, it is easy
to see that the leader’s payoff is higher than her direct follower’s payoff as 7, — 13 =
a+1 —

() (1= ) 2= [ —(2-0)2) 2 0,50 € (0,1) and 0 < § < 2. Third,
there is no Pareto domination between the SNE and competitive equilibria insofar
as, at a SNE (resp. competitive equilibirum), traders of type I have higher (resp.

lower) payoffs but traders of type II have lower (resp. higher) payoffs.

3.2. Comparison with the CNE

To underline the importance of the two-stage structure of the game I', let us
consider the simultaneous move version of the game. To this end, we determine
now the Cournot-Nash equilibrium (CNE) with emissions.

PROPOSITION 4. The Cournot-Nash equilibrium supplies and emissions are
given by:

AN B -1 B —11.
(41,42) = (a (B1+252)2 g,ava(glJrng)z ﬁ,a>7
A5\ B2(Bi+aBs) n—1 a Bi(BataBy) n—1).
(€1, 82) = (% BirE? a5 (BB Zfa)
by =20l =1 n

nn—a’

PROOF. See Appendix B.H

The next proposition compares the emissions at both strategic equilibria.

PROPOSITION 5. The level of emissions at the SNE is lower (resp. higher)
than at the CNE when the strategies of type I traders are substitutes (resp. com-
plements). Otherwise, when strategies are neither substitutes nor complements, the
SNE emission level coincides with the CNE emission level.

PROOF. At a SNE, we have:

@ 4a(B1)* +3(1 = a)B1 8y — (1 —a)(By)* n =1
4y (B1)? n—oa

At a CNE, we have:

€1 +é =

aa(f)® +26,8; +a(By)* n—1
v (B + B2)? n—a

Let By = 0/, with 0 < § < 2. We deduce:

€1+ éy =

a(l —a)d(d — 1)2(5 — ) n—1 -

4y(1+9) n—a 0

(1 +6&2)—(e1+¢é2) =

Recall from Proposition 2 that strategies are substitutes (resp. complements)
when 3, < 85 (resp. 8 > B5). Therefore, if § 2 1, i.e., 5; S B, then (€1 + é2) 2
(é1 + é2). Finally, if § = 1, then (& + é2) = (é1 + é2).

|

12



Let us compare the individual polluting behavior at the SNE and at the CNE.
When strategies are substitutes (resp. complements), trader 1’s emissions are higher
(resp. lower) at the SNE than at the CNE, i.e., & > é; when 8, < 5 (resp. €1 < é;
when 8, > 85). Indeed, as ¢; = §; when § = ﬁz 2 1, and by using (17) and (B12)

o2 §(1—6)(14368
= %n 1 >0 when 6 = 1 But then,

we have é; 2 é;, whenever ; < (5. Therefore, trader 1 pollutes more when she
behaves as a leader at a SNE than when she has a Cournotian behav1or at the

CNE. In addition, as we have, on the one hand ¢ — ¢o = 4(51 WZLL i <0

a2 (6—1)(6%2—=6—4) n < 0 when

in Appendix B, we have &1 — &1 =

when 0 < 6 < 2, and, other other hand, Zo — 22 = j5-

g OFF  na
<0 <2 But @y —dy = g CESI Dt o 0 when0< 8 <1 Therefore,

trader 2 pollutes less when she behaves as a follower at the SNE than when she
has a Cournotian behavior at the CNE provided 1 < § < 2. Otherwise, the sign of
(é2 — é2) is undetermined.

REMARK 3. Some computations yield 71 > 71 and 7o < 72, whenever §; < 5.

The problem is now to determine whether the pollution could be decreased,
either with a taxation mechanism or with a permit market.

4. NONCOOPERATIVE EQUILIBRIA WITH TAXATION

In this section, we introduce two fiscal policies, namely, ad valorem taxation on
emissions, and per unit taxation.!* Taxation mechanisms have been introduced in
bilateral oligopoly under Cournot competition by Gabszewicz and Grazzini (1999),
Grazzini (2006), and Elegbede et al. (2021).!5 To simplify, we assume that the total
tax product T is used to finance some exogenous public expenditure, namely G,
subject to a balanced budget rule, i.e., such that T = G. The introduction of
taxation mechanisms modifies the bilateral oligopoly game I'.

4.1. Two taxation mechanisms

First, consider a tax ¢t € (0,1) is levied on the emissions of the leader and
the follower, with T'(e1,e2) = t(e1 + e3) = G, and G > 0. Given an n + 2-tuple
of strategies (¢1,q2(q1); b(q1)) € [[; Qi X I[; Bj, and a tax t € (0,1), the resulting

o S by (a1)
post tax allocation is given by (x1,y1) = (ﬁll(l —t)er—q, ﬁiﬂq;ql —v(1—t)ey)

bJ
for the leader, and by (z2,y2) = (Blz(l —t)ea—q2(q1), %qg(ql) (1 —t)es)

for the follower. With a slight abuse of notations, let m;(.) for m;(g;, ;). Then, their
payoffs in T" with taxation on emissions may be written:

(i bila)
m () = <51 (1—t)ey — q1> <(]1+(12(q1)q1 —v(1 - t)€1> , (23)

(i bia)
ma(.) = (ﬂ2 (1—1tea — Q2(Q1)) <(114‘<12(f11)q2(q1) (1 - t)e2> - (24)

M Through numerical simulations in a Stackelberg duopoly model with linear demand, Zhou et
al. (2019) show that flat carbon tax and block carbon tax can control carbon emissions.

15 Collie (2019) showed that fiscal policies that correct market distortions caused by imperfectly
competitive behavior and are used for redistributive purposes can lead to a second-best allocation.
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Second, consider a tax 7 € (0,1) is levied on the supply ¢; of commodity X,
with T(q1,q2) = 7(q1 + q2) = G, and 0 < G < 2—1-2=L Given an n + 2-tuple

2 148, n—«
of strategies (q1,92(q1);b(q1)) € [[; Qi x [[; Bj, and a tax 7 € (0,1), the resulting
post tax allocation is given by (x1,y1) = (ﬂllel - q1, (quizijgéf)l) —7)q1 — yey) for

n b
the leader, and by (x2,y2) = (%62 — q2(q1), (%Aéf;) — 7)g2(q1) — yez2) for the

follower. Then, their payoffs in I' with per unit taxation may be written:
n l—«
g [ 2= bila)
mi () = (61—(11> ————— T |a —e ) 25
( B1 [(fh-ﬂlz(qﬂ (25)

( 2 bi(a) e
ma(.) = <€2 - QQ(Q1)> Kqﬂwz(qﬂ - 7') a(q1) — 762] . (26)

We now turn to the study of the effects of these two taxation mechanisms.

4.2. The effects of taxation

First, we compute the SNE with pollution for both taxation schemes. Second, we
study the effect of taxation on the emissions. Third, we study the welfare properties
of the SNE with taxation. To introduce the SNE values for both taxation schemes,
with an abuse of notation, the terms §;(¢,7) and €;(¢, 7) will respectively designate
the equilibrium strategy and emission of trader i, ¢ = 1, 2.

PROPOSITION 6. Consider the two taxation mechanisms in I'. The interior
SNE strategy profiles and emissions profiles of T' are given by:
~ ~ + - + _
(ql(th)a qQ(th)) = (%(Bﬁfﬁ%v %g11+7- (]— - %ngr:) %)7
(él (ta T)7 éQ(ta T)) = (%(h (t7 T)7 WQ&(L T)) 5
bi(t,7) =20t =1 . ,n

nn—ao’

PROOF. See Appendix C.H

The next proposition provides two comparative exercises which measure the
effect of a variation of the tax on emissions.

PROPOSITION 7. At the SNE with tazation the traders’ emissions increase with
the tax on emissions.

PROOF. Immediate by letting 7 = 0 in (&1(¢,7),é2(¢, 7)).H

We can explain Proposition 7 as follows. Consider type I traders at the SNE, and
let 7 = 0. To the extent that traders’ offers (and therefore the relative price) are
not affected by the tax, the revenue from the sale of commodity X, i.e., px(t)g;(¢),
i = 1,2, is not modified. Then, the traders consume less of good X (resp. more
of good Y as trader 4’s income II; increases). In order to restore their optimal
consumption (more good X and less good Y'), the traders of type I therefore increase
their production, and consequently, they increase the quantity of the input they use.
The overall effect is to increase emissions.

Therefore, taxing emissions may not be the appropriate tools to regulate the
pollution caused by the leader and her direct follower. This result leads us to

14



consider some policy regulation via the implementation of a per unit tax. We are
able to state the following proposition.

PROPOSITION 8. At the SNE with tazation, the emissions of the leader (resp.
follower) decrease (resp. increase) with the per unit tax if the strategies are sub-
stitutes (resp. complements), i.e., B, < By (resp. By > By). Additionally, the
emissions of both traders decrease with the per unit tax if their strategies are nei-
ther substitutes nor complements, i.e., 1 = By.

PROOF. See Appendix E.

The conditions under which the emissions decrease depend on whether strate-
gies are substitutes or complements. Indeed, by virtue of Proposition 2, when the
marginal cost of the leader is lower than the marginal cost of the follower, i.e.,
when §; < (5, the best response of the follower is decreasing, reflecting strate-
gic substitutability. In such a case, consider the revenue from sales of the leader,
e, Ri(T) = px(7)@1 (7). When 5, < S5, her revenue decreases with the tax, i.e.,
AR (1) an—1 B1—Bs

or |T:7~'_ 4n—a (B,+7)2
and less of good Y. In order to restore her optimal consumption of good Y, she
decreases her demand for the input, i.e., she decreases her production of good X,
and consequently decreases her emissions. Likewise, consider the revenue from sales
of the follower Ra(7) = px(7)d2(7). When 5, > S, her revenue decreases with the
aRgf(T) [ %% (2?12)12 < 0. The reason stems from the fact that the
strategies are substitutes, so when the leader decreases her supply, the follower in-
creases his supply, i.e., 3%757) |r=7> 0 (reason: by differentiating (C5) at the SNE,
ggf((})) =1- g;i: > 0 when 8, < f85). Therefore, the follower consumes
more of good Y and less of good X. In order to restore his optimal consumption
of good X, the follower increases his demand for the input, i.e., he increases his
production of good X, and consequently increases his emissions.

Otherwise, when 8, = f,, from Proposition 7, we have that (¢1(7), (7)) =
(%ﬁ%, %ﬁ%) Then, we have R;(7) = %::}w i = 1,2. In this case, the
only effect of an increase in the per unit tax is to increase the consumption of good
X, which leads both traders to decrease their production of good X, and thus to

reduce their emissions.!®

< 0. Therefore, the leader consumes more of good X

tax, i.e.,

we have

We compute now the post-tax equilibrium allocations. To this end, let 7 €

(0,1) be the unit tax which solves 7(é1(7) + é2(7)) = G, i.e, T = % (see
E6) in Appendix E). Therefore, the relative price is given by px(7) = 2(5; +
n—1

[0

(
7) = Qﬁlﬁ (see (C12) in Appendix C). The allocations to type I traders

are given by (Z1(7),91(7)) = ﬁgfii%(a,(l—a)ﬂl), and (Z2(7),92(7)) =

_a 2B, —By+T ( _ 152+?) n—1 (a
2By B1tT n—a
B2

R , (1 —a)B,), so we deduce:

Z2(al=L —2G) +2G
(81(7): (7)) = 2=

(a, (1= a)fy); (27)

sy~ @ 2By — B+ T 18, +7
(172(T)ay2(7)) = 275215174-27' <1 55?_1_7:

16The effects of the per unit tax on emissions are computed in the supplement to Appendix E.

) "L i), (28)

n—«uo
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and the allocation to trader j € {1,...,n} is (£;(7),9;(7)) = (;O‘ n—l 1‘“),

2(B;+7) n n—a’ n—a
so we deduce:

anfil -2G 1-«
(jj(%)agj(%» = < S > s J=1..,n (29)

28in n—a

Therefore, the marginal rates of substitution are such that:

MRS"(%1(7),1(F)) = B;,i=1,2, (30)
and
o 1 .
MRS’ (&(7),§;(7) = 206, ——— . j = L. (31)

Therefore, the taxation policy does not lead to a Pareto-optimal allocation.!”

The reason stems from the fact that the per unit tax is not sufficiently strong enough
to resorb the inefficiency caused by the strategic behavior of traders. Therefore, at
the SNE, as commodities are imperfectly substitutable, no fiscal policy is sufficiently
powerful to eliminate the market inefficiencies caused by the strategic interactions.
Proposition 8 extends the results of Gabszewicz and Grazzini (2001), and Elegbede
et al. (2021) in a sequential strategic market game with pollution.

Finally, the next result concerns the effect of an increase of the per unit tax on
the payoffs of traders who suffer from the negative externality caused by pollution.

PROPOSITION 9. At the SNE, if the strategies of type I traders are neither
substitutes nor complements, then the payoffs of type II traders increase under per
unit tazation whenever the negative effect of the per unit tax on emissions dominates
the marginal decrease of indirect utility caused by the increase of the relative price.

PROOF. The payoff of trader j € {1,...,n} is given by:

a
a 'rL—l) (1 _ a)lfoc

Fi(r) = (2(/31+T)T ~ooon—1
A n—a X
[((A+a)Bi+aT](Bo+7)+[a(28, +7)+(1—) B5] (281 =Bo+T)

where the term y = « (3, Fr)2 > 0 is derived

from the expressions (E1)-(E2) in Appendix E. Assume 8; = 85 = 8. Then, the
preceding payoff may be written:

Fo(r) = (%%) (I-a)t= a(l—i—a)ﬁ—i—arn—l

I n—a« 29(B+71) n—a
Therefore, as €1(7) + é2(7) = %, then, from (7), we deduce:
07,(1) | _ C(FERED A=) 98 () TG
or T n—ao P\ or ™7 or "7T)°
TFor comparison, at the CNE, we have MRS (%1(%),91(%)) = B;, i = 1,2, and

MRS (2(#),9;(7)) = M1tB2820) 1 .
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If 3, = B4, then, by Proposition 8, we have 0%1757) |r=7< 0 and aégy) |r=< 0.

Then, we deduce aﬁgT(T) |r=7> 0 when

_M<8éﬂ7) L 9ea(r) ~) ><g%ﬂa+%%§5aﬂ~—af‘“

oy =t =

n—ao
|

Proposition 9 suggests that a per unit tax is Pareto improving for the traders
who suffer from the polluting emissions when the effect of the tax on emissions is
stronger than the decrease in their utility caused by the strategic behavior of the
polluter traders who manipulate the relative price. Such a result holds provided
the leader has the same market power than her direct follower. Otherwise when
B1 # B, nothing can be asserted about the effect of the tax on emissions. This
result differs from Crettez et al. (2021) who consider a two-sector equilibrium
model with pollution permits in which some traders behave a la Cournot while a
representative consumer behaves as a price-taker. The competitive trader is taxed
and the product of the tax is transferred as a subsidy to the oligopolists. This supply
subsidy can be Pareto improving when the agents sufficiently value the polluting
commodity insofar as it enlarges the size of trades. Here, the tax policy is Pareto
improving whichever is the preference for the polluting commodity.

We now turn to the regulation of emissions with a permit market.

5. NONCOOPERATIVE EQUILIBRIA WITH A PERMIT MARKET

To control the pollution caused by production activities, we introduce a permit
market (see Montero 2009; Godal 2011; Lange 2012; De Feo et al. 2013; Schwartz
and Stahn 2013; Hintermann 2017; Dickson and MacKenzie 2018, Christin et al.
2021, among others). Let r be the permit price in terms of good Y. The price
vector is now given by (px, 1,r). To simplify, we assume perfect competition on the
permit market, so the price r is given (for a justification, see notably Montero 2009;
Crettez et al. 2021). In this context, each trader ¢ € {1,2} is initially endowed
with an amount &; of pollution permits.!®

Given an n + 2-tuple of strategies (g1,42(q1);b(q1)) € [[; Qi x [[; Bj, and
a vector of endowment of permits (€1, &), the incomes of traders (12) and (13)
are now given by IIj(e1,(.)) = px ()@ — ve1 + r(é1 — e1)) and Ilz(eq,(.)) =
px()g2(q1) — Y92 + r(€2 — e3)), where r(e; — e;) represents trader i’s net pur-

chase of emission rights,s = 1,2. The resulting allocation is given by (z1,y1) =

n_ b _
(ﬁllel - q, %jrqizzq(f;)ql — ve1 + r(é; — e1)) for the leader, and by (z2,y2) =

(Blzeg —q(q), qu%%f;)qg(qﬁ — ves + (€2 — e2)) for the follower. With a slight

abuse of notations, let m;(.) for m;(g;, €;). Therefore, the payoffs of trader i € {1,2}
in T with a pemit market may be written:

() = (761 - (J1>a <Zj_1bj((h)(h —yer (e — 61)) ) (32)

@+ a2(q1)

18Indeed, we could write & = Xe and & = (1 — A)e, A € [0,1], with e as the legal maximum
aggregate level of pollution.
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a ,,L bj 11—«
m.):(”ez—qg(ql)) <MQQ(Q1)—7€2+T(52—62)> )

2 @+ a2(q1)

With an abuse of notation, the terms é€;(r) and éx(r) will respectively designate
the emission of the leader and the follower at the CNE with a permit market.!?
Therefore, the market clearing condition on the permit market may be written as:

51(7’) -+ ég(’f’) = él + 52. (34)

We will state three kinds of results. First, we compute the SNE with a pollution
permits market. Second, we study the effect of an increase in the price of permits
on the emissions of traders. Third, we study the effect of an increase in the price of
permits on the payoffs of type II traders.

PROPOSITION 10. The interior SNE strategy profiles and emissions profiles of
I' with a permit market are given by:

(G1(r), @2(r)) = (717,51, ﬁ(b);

(@1(),2(r) = (53576 + 7561, 5576 + 52556 );
IN)j(r) —anl ;_1 . 9n.

nn—ao’

PROOF. See Appendix F.l
REMARK 5. The net purchase of emissions, i.e., the quantity (&;(r) — &;), is

N _ > _ < R

such that €;(r) — & = 0 whenever & = Mei, with m < 1, where
~ N ~ y+(A—a)r 5 20

(&i(r) — &) = 476 — =@

We turn now to the effect of an increase in the price of permits on trader i’s
emissions.

PROPOSITION 11. The emissions of trader i increases (resp. decreases) with
the price of permits whenever €; > < (resp. €; < ). Moreover, the emissions do
not change with the price of permit when &; = <.

PROOF. Consider the leader’s emissions é1(r) = -9,ré1 + €1 (a similar
reasoning may be handled for the follower). Some computations yield:

0é1(r) ay <_1+aﬁ2n—1>

o ()2 4y Bin-a

As by Proposition 1 the leader’s emissions are given by é; = %%Zziv

then, we have:

0é1(r)
or

l+afyn—1 e

by Bin—a a

AV

> _
= 0 whenever €;

Emission behavior depends on the amount of the initial allocation of pollution
rights. The emissions of a single trader increase (resp. decrease) with the price of

9Recall that €1 and és represent the emissions without a permit market: no confusion will
arise.
200bviously we have Z?:I(éi(r) —€;)=0.
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permits when the endowment of permits is strictly higher (resp. lower) than the
level of emissions without the permits market. Indeed, by using Remark 5, trader
i’s net purchase of emissions increases (resp. decreases) with the price of permits
whenever €; > % (resp. €; < %) Moreover, when the preference for commodity X
is low, i.e., when « is low, a rise in the price of permits cannot lead to an increase
of the emissions unless the endowment of permits is large enough. Finally, the
emission behavior is not modified when the endowment of permits depends linearly
on the emissions without the permits market. Here the effect of an increase in the
price of permits on polluting behavior does not pass through marginal costs, unlike
the two taxation mechanisms. Indeed, insofar as permit allocations are fixed, if
one trader, either the leader or the follower, increases her emissions, then the other
must decrease them. The same kind of results holds in the CNE with pollution
permits (see (G11) in Appendix G).

We determine now the SNE relative price, allocations, and the corresponding
payoffs with a pollution permit market. The market price is given by:

px(r) =28, j L (35)

Therefore, the allocations to type I traders are given by:

(1(r), §u(r)) = <rél+zgjz_;) <;171r,104>; (36)

(32(1). (1)) = <ré2+a( —;g)jjjj) (5-L1-a). @D

and the allocation to type II traders are given by:

1 v an—-1 1—-«a
z; U === — =1,...,n. 38
(I'J(T),y](T‘)) (2,81"}/4’7’77/7?,0[77104)’] 9 , ( )

It is easy to see that the permits market does not lead to a Pareto-optimal
allocation. Indeed, the marginal rates of substitution are given by:

Y+T

K2

MRS = g

Li=1,2, (39)

y+r o onoo

—J=L-
and, they differ across traders. The reason stems once again from the strategic
behavior of traders.

MRS =28,

n, (40)

Finally, the next proposition considers the effect of an increase in the price of
permits on the payoffs of type II traders.

PROPOSITION 12. The payoffs of type II traders decrease (resp. does not mod-
ify) with the price of permits (resp. either when the traders strongly prefer commod-
ity Y or when there is a large number of type II traders).

PROOF. Immediate. For each j = 1,...n, we have that:

«
) (afgl%%) (1—a)-o
7i(r) =

— (e (r) + éa(r)).

n—uo
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By using the market clearing condition &, (r) + éx(r) = & + &3, we deduce:

1 -1 v \% 1-a
) ori(r a \%33, 7 74 (1-a)
vVie{l,..,n} 8J7E ):_’y—|—7‘( - Vn—)a < 0.

Otherwise, we have that

. Com(r) om0 _

Therefore, the welfare of type II traders cannot be improved with a competitive
permit market when the polluting commodity is desirable. Besides, there are two
conditions under which trader j’s payoff does not decrease with the price of permit.
First, when the preference for commodity X is low, a rise in the price of permits
cannot lead to an increase of emissions (from a single trader) unless the endowment
of permits is large enough (by virtue of Proposition 11). Moreover, since consumers
of type II have a low preference for the polluting good, the increase in the price of
permits has little impact on their payoffs. In addition, if there were a large number
of traders who compete for selling commodity Y, i.e., if this side of the market were
perfectly competitive, the increase in the price of permits were dominated by the
decrease in emissions. Finally, this result is not specific to Stackelberg competition
as it can also hold under Cournot competition (see Appendix G). Nevertheless,
Proposition 12 holds as soon as the permits market is competitive, but its conclusion
fails when strategic behavior affects the price of permits as in Godal and Holtsmark
(2010), and Dickson and MacKenzie (2018).

6. CONCLUDING REMARKS

Our model introduces pollution in a two-stage strategic market game. It can find,
for instance, an echo in international trade with resource specialization. Indeed,
heterogeneous strategic agents whose market power differ, and who live in two
distinct countries would compete on quantity on the world market. The production
activity of one country pollutes the other country through a negative externality on
some traders. The problem is to determine whether emissions levels can be reduced
either via two taxation mechanisms or via a permit market when all traders behave
strategically.

The sequential strategic setting is critical. Indeed, with Stackelberg-Nash com-
petition, the strategies of the polluting traders can be either substitutes or comple-
ments, while with Cournot competition they are only complements. We show it has
some implications on emissions’ behavior, through the difference in costs, and also
on the effects of regulatory policies. Two kinds of regulation are considered to limit
the emissions: two taxation mechanisms (ad valorem taxation on emissions and per
unit taxation on the relative price) and one permit market. The main conclusions
are as follows.

First, a per unit tax on strategies led to reduce the emissions of the leader (resp.
follower) whenever the strategies of the leader and of follower were substitutes
(through the difference in marginal costs). In addition, a per unit tax reduced
the emissions provided the producers had the same marginal costs. Moreover, the
per unit tax was Pareto improving for the nonpolluting traders when the effect of
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this tax on emissions was stronger than the decrease in their utility caused by the
strategic behavior of the polluting traders.

Second, agents’ preferences played a critical role when we considered the effect
of the price of permits on emissions’ behavior. Indeed, the payoffs type II traders
(those who are pure consumers, by respect to type I traders who are consumers and
producers at the same time) decreased with the price of permits unless either when
there was a large number of traders of type II, who are pure consumers, or when
the consumers strongly preferred the non-produced commodity. Thus, we showed
that the welfare could not be improved with a competitive permit market when the
polluting commodity was desirable.

To put in a nutshell: the performance of fiscal policies merely depended on the
polluting traders’ technologies through the parameters of productivity, while in the
case of a permit market, this performance merely depended on agents’ preference
for the polluting commodity, and on the number of market participants, i.e., on the
degree of competition. Moreover, in the case of fiscal policies, the sequentiality of
decisions matter, while it did not matter with a competitive permit market.

The model we study is based on certain assumptions whose relaxation could be
the subject of future research. Our model was linear in the production and the
polluting technologies, and without abatements costs. Nonlinearities in the tech-
nology and dynamic analysis such as in the introduction of time in the production
activity (with abatements costs) could also be considered.

7. APPENDIX

7.1. Appendix A: proof of Proposition 1

Let us solve the game I' by backward induction. To this end, consider, in the
second stage of the game, the behavior of both types of followers. The problems of
follower of type I and of type II may be written:

a n -«
max (762 - (I2) MCD — ez ) (A1)
(e2,92) 2 Q1+ g2

o 11—«
Q1+ q2 (1 > .
max [ ———=—————b; — —b; —uler+e), j=1,..,n. (A2)
b (ijrZ—j;éj b_j ]> n J

The sufficient first-order conditions for an interior solution for the follower of

type L, i.e., %{1’;2@ =0 and %@;@M = 0, may be written as:
Z;’L—l bj 27‘1—1 bj Y
—a| =g e |+ (1 —a)——=q <€2 - qg) A=0, A3
l <Q1+CI2 O e \5, (49

A (Xl N <7 _ > _
l052<q1+q2 g2 762> (1-a)y 6262 @]|A=0, (A4)

a—1 n —a
where A = (51262 — qg) ( qfilq; q2 — ’)/62) . For the followers of type II, we

have % =0, j € {1,...,n}, which may be written as:
J
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2o j—jt b= <1 > b
« ’ —=bj)—(1-a) ’ A'=0, (Ap)
(b + 2 g b9 \n 7 bj+ > b
where A’ = (ﬁb.)a_l (L bA)*O‘
AR 2 R o
From (A3) and (A4), we deduce:
D=1 bj
j=1 ]2(]1:52- (AG)

(1 + q2)

The solution to (A5) and to (A6) yield the best responses, which we denote
with a slight abuse of notations as g2 = g2(g1;b) and b; = b;(q1, g2; b_;), with:

1 n
q@2(q1;b) = —q1 + \/ B, > biqu, (A7)
2 j=1

) ) da(l—a) )
=2 bt \/(Z—j,—j;éj b+ = b
2(1 — «) '

bi(q1,q2:b—5) =
(A8)

As all traders of the same type (here of type IT) have the same endowments and
utility functions, their payoffs are symmetric in b; and b_j;, for all j # —j. Then,
they must adopt the same strategy at equilibrium, i.e. b; = b_;, for all j # —j, we
have that:

an—1 |
bj = — i=1..n, (A9)

nn—ao’

Therefore, in the first stage of the game, the market price may be written as

. . 1 bj _
a function of ¢, with px(q1) = Zq:f%?zéf;) = \/M, so the problem of the
leader may be written:

l—«

L. ¢ n—1

(€1,q1) € argmax (gfn - q1> ( aﬁzn — 761) : (A10)
1

As the price function ,/0452%(]1 is strictly concave in ¢, the first-order con-

Om1(q1,92(q1)ib) _ 0 and 9m1(q1,92(q1);b)

ditions , namely Bas e

may be written as:

n—1 1l-« n—1 _1 [~
l—a( Bzan—aql —761> + 3 aﬁzmql 2 (6131 —q1>] A =0,

(A11)
-1
la;’l ( 04522_ an - ’761> — (I -a)y <g1€1 - Q1)

= 0, are sufficient, and they

A" =0, (A12)




a—1 —a
where A" = (%61 - th) (\/M‘ 7161) :

By considering the terms in brackets in (A3) an (A4), and by equalizing and

cancelling, we have:
1 n—1 _1
ivaﬁzmﬂh = (A13)

The solution to (A13) yields the equilibrium strategy of the leader:

. a By n—1
REEACAEE

From (A7) and (A9), we deduce the equilibrium strategies of the followers:

(A14)

a n—1 18,

o = —— 1—-== Al
q2 26171—01( 2/81)7 ( 5)
~ an—1

= — ) =1,...,n. Al
b] nn_a’j ’ ,TL ( 6)

Then, the equilibrium relative price is given by:
Dx = 20;. (A17)
By using (A12), we can deduce the leader’s emissions at the SNE:

:a(l—i—a)&n—l

e . A18
“ 4y Bin—a (A18)
And, by using (A4), (A15), and (A17), we deduce the follower’s emissions:
- a 1 206, +(1 -« n—1
R (A19)
g 26, 26, n—ao

The magnitudes given by (A14)-(16) and (A18)-(A19) correspond to the mag-
nitudes given in Proposition 1. Finally, by using (A14)-(A19) we can deduce (17)-
(22).1

7.2. Appendix B: proof of Proposition 4

Consider now the computation of the CNE in which all traders behave in a
simultaneous move game. The problems of all traders may be written:

a 7}_ b 11—«
max (’yei — qi) <Zj1 L4 — e ,i=1,2, (B1)

(ei,as) \ By q1 + q2

@ -«
q1+ qo (1 > .
max [ ———————0; — — b, —uler+e),j=1,...,n. (B2)
b, (bj+2j;éjbj J> n I

The sufficient first-order conditions for an interior solution are given by (A5)
for j € {1,...,n}, and by (B3)-(B4) for i € {1,2}, with:
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D1 bj > bj v
—a| =g —vei | + (1 — o) ——5q; (ei - qi> B =0, B3
l (qz' +q-i v ( ) (qi +q-i)? B; (B3)

vy Z?:l bj Y
Sl i (e L (I—a)y A

~ a—1 ’7}_1 b; —«
where B = (Eei - Qi) ( ata 4~ vei) :
The solutions to these equations are the best responses, which may be written:

1 n
QI(QQQb):_QQ‘i‘”F Zlbjfhy (B5)

1=

1 n
a2(q1;b) = —q1 + 4 | 3, ‘21 bjq, (B6)

j=

an—1 .

bj(q17q2;bfj):Enio/]:lw'wna (B7)

where all traders of the same type (here of type II) must adopt the same strategy
at equilibrium, i.e. b; = b_;, for all j # —j.
The solutions to (B5)-(B7) are given by:

U afBy n—1 afy n— 1)
q1,G2) = : ; B8
(0,42) <(51+52)2”_0‘ (B1+B2)*n—a (B8)
- an—1
b; = — i=1,...,n. B9
] nn— O[’j ) , ( )
Therefore, the equilibrium relative market price is given by:
px = B+ o (B10)
Then, we deduce the emissions:
-1 -1
(61, 69) = (Oé Ba(B1 + 0‘522) n ’gﬁl(ﬁz + 0‘521) n ) ' (B11)
¥ (Bi+B2)* n—a'y (B1+5)? n—a

The allocations are then:

-, ~ _ 1 aﬂQ 2TL—1 62 2n—1
m””‘(ﬁl (5%5) iaet-2(5%5) n—a)’ P12

-, ~ _ 1 aﬁl 2n_1 61 2n—1
($27y2)_<52 (5%5) iaet-9(5%5) n—a)’ )

« In—-1 1—-«a
Ti,0i) = — =1,...,n. B14
@5:) = (g m o )i = Len (B14)
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Therefore, the CNE payoffs of traders ¢ = 1,2 are given by:

2 «a

F=at <61ﬂ+2ﬁ2> <511> A (B15)
2/1\° an—1

n=am (535) (5) a-o s (10

and, the CNE payoffs of traders j € {1,...,n} are given by:

« n—1 @ 11—«
() a-a) Ba(By + aBy) + By (B, + aBy) m
o n—a o V(B + B2)? n—oz' (B1T)

7.3. Appendix C: proof of Proposition 6

In this Appendix we determine the SNE emissions by encompassing the two
taxation mechanisms. To this end, let (t,7) € [0, 1]?, and let us rewrite the payoffs
(23)-(26), with m;(.) = m;(es, ¢, q—i; b; £, 7), i = 1,2, as follows:

e (i bilar)
m(.) = <[31(1 —t)e; — Ch) <<Q1+Q2(Ch) - 7'> a1 —v(1— t)61> , (C1)

a b ) 11—«
ma(.) = (/32(1—15)62—@(%)) ((M—T> (12(Q1)—7(1—t)€2> :
(C2)

Consider the followers. The best response of trader j of type II is given by
(A9). Consider the follower of type I. Differentiating the above expression (C2)
with respect to g2 and es leads to the sufficient first-order conditions:

on ;1:1 b;
252l = {—a[ (552 —7) @ 11— tea +

S b (C3)
(1-a) [t = 7| (20 -Dea - ) fC =0
and
et = {er -0 (55 - ) e -2 -t - (C4)
(1- 1—t(ﬁlzl—teg—q2)}C:0,
where C' = ( (1 —t)eg — q2) ((Zf+;21 > g2 — (1 — t)eg)
Therefore, from (C2)-(C4) and (A9), the best responses of followers may be
written:
27—1 ijl
 b; - ] v ©5
@(qisb;7) = —q1 + B, 47 (C5)



an—1
bj(q1,q2;b—j;7) = € {1,...,n}. (C6)

Therefore, in the first stage of the game, the problem of the leader may be
written:

Ta </31 (1=ter - ‘”) ( (B + T)é bjgr — g1 — (1 - t)e1> . (Cr)

Om1(q1,92(q1);b5t,7) 0 and 071(91,92(g1)5bst,7) 0
- - b

The first-order conditions, i.e., o0 e,

may be written:

{_a [\/(52 +7) i by — T — (1 - t)el} N

1 (C8)
(1=0) [5\faz=t(By+ et 7] (- —ar) b =0,
and
{ag =0 [\/(3: + T bjar = Ta1 = (1 = D)en] — )
(1—a)y(1-1) (ﬁl 1-—1) el—q1>}C”=0,
a—1 —«
where C' = ( (1—1t)ey — q1> (\/ Bo+7)d i1 bjar —Tqr — (1 — t)el)
The solutlon to (C7)-(C8) is given by:
- a Py+1 n-—1
tor)y=2 2277 T 1
@) 4(B1+T7)2n—a’ (C10)
Then, from (C4), we deduce:
- a 1 18, +17\n—1
== 1-— 11
a2(t7) 2B1—|—T< 251—&-7)71—0/ (C11)

S

which by letting (47, 3) = (¢1(t,7),G2(t, 7)) yields the values of Proposition 5.
Indeed, the market price is:

Px(t,7) =2(8; + 7). (C12)
By using the first-order conditions (C3)-(C4) and (C8)-(C9), we deduce:

_ (1+a)8; +ar_

é1(t, 1) S q1(t,7) (C13)
_ @B 4T) -7+ (1 —a)fy(I—7)
62(t,7’) = 7(1 — t) qQ(th)7 (014)

which by letting (€], é5) = (é1(¢,7), é2(t, 7)) yields the values of Proposition 5.1
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7.4. Appendix D: CNE with taxations

We determine the CNE emissions by encompassing the two taxation mecha-
nisms. To this end, consider the payoffs given by:

a 7‘1_ bj 11—«
m () = (51 (I1—1t)e; — ql) <<%+1QQ - T> @ —v(1 - t)el> , (D1)

(anea) ((E Y e
772(.)<62(1 t)es qg) <<q1+q2 T>q2 ~(1 t)62> . (D2)

n a3 @ 1 11—« .
()= | —L T2 ——b; - +e2),j=1,..,n. (D3
m() (bj‘i‘z_#j b,j J> (n J) M(61 62) J n ( )

The sufficient first-order conditions for an interior solution are given by (A5)
for j € {1,...,n}, and by (E4) and (E5) for each i € {1, 2}:

{—al(qi?:;_bj —r) A1 - t)e }+
0= (B ) (z0-va-a)}p-o P
fega-n[(Far -7)a—0-ne] - 05)

(=1 -0) (F0 - e —a) } D=0,

where D = (Bll(l —t)e; — qi>a71 ((Zq%r;:j - T) qi —y(1— t)ei) -

The solutions to these equations and to (A5) are given by:

n

01(g2;b;7) = —q2 + 6 Z 42, (D6)
1 j=1
q2(q1;bs7) = —q1 + ﬁ Z 41, (D7)
2 j=1
an—1
bj(qlan;b—j;T):En_avjzlv"'vna (DS)

where all traders of the same type (here of type II) must adopt the same strategy
at equilibrium, i.e. b; = b_;, for all j # —j.
The solution is given by:
By +T n—1

T )

R Bi+T n—1
Go(t,7) = 01(61 +By+27)2n—a’ (D10)

bi(t,T) = — =1, ... (D11)



Therefore, the equilibrium relative price is given by:

px(t,7) = By + By + 27. (D12)

By using the first-order conditions, we deduce the emissions:

. . ( +7)[(By +7)+ B4 n—1
et ) = YA =B, + By +272 n—a’ (D13)
. (BB +T)+ By n—1
) = o ) By + Byt 2 n—a’ (1)

7.5. Appendix E: proof of Proposition 8

Consider the SNE with emissions. By using the expressions of & (¢,7) and
é2(t,7) given in Proposition 6, and by assuming t = 0, we deduce:

ea(r) = ol Ll b D)L, (1)

a8, +7) + (1= )] (1- 3552) 4

é2(1) =« BT — (E2)
Let 7 be the solution to 741 (1) + 7¢2(7) = G. Some computations lead to:
- 26,G
= — E
T al=l 2@ (E3)
By using (E1) and (E2), we deduce:
déi(r) [(1 +a)By + 047](52 Bi) +B1(By+7T)n—1
lrer= — —. (E4)
or dv(B, +7)3 n—
9eés(7) - _a2[a(2ﬁ1 +7) + (1= a)Bo](By — Bo) + BB +7) n—1 (E5)
or T 4v(B, + 7)3 n—a
Then, we have that:
déi(r) . n— n—1
T S E s SR TC N BNt N €0
and
déx(r) n—1_ B4 B 3 n—1
27 | o= —H{2fa(0 =~ (10) 22 (05— G (515 +afy ),
(E7)
where H = % (W) > 0.
Then, as 0 < G < gﬁﬁ, we have:
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%aln) | o< 0if By > By
and (E8)
Voalr) | <0t By, > B
Finally, consider the emissions at the SNE when 8, = 5. Let 8, = 8, = 8 in
(E1) and (E2). Then, we have:

él(T):a[(l-Foz)ﬁ—Faﬂ n—1
B+T1) n—a’

&a(7) :a[(1+a)ﬁ+a7} n—1
B+T1) n—a

(E1)

(E2)
Therefore, we have that:

8éi (T)
or

2
e -2 (bi ) COif B =fy=pi=12 (B

. . ~ . . ~ (1+ )B 1
where the equilibrium tax 7 is now given by 7 = Ta(\/l +512=
1).m

"=t e O

7.5.1.  Supplement to Appendix E.

Consider the CNE with emissions. By using the expressions of é;(7,t) and
é2(7,t) given by (D13) and (D14) in Appendix D and by assuming ¢t = 0,
deduce

a(Ba+1)a(By+7)+Bn—1

filr) = 0 (B1 + By +27)2 n—a (E10)
. _aB+7)eB 7))+ By n—1
62(7-) B Y (61 +ﬂ2+2’7’)2 n—a' (Ell)
Then, we have that:
dr(r) | a2t (B2 51) 42507+ P18 Fn-1 E12)
or Ty (B + By +27)° n—a’
0és(7) | A__Q2O‘(61 +7)(B1 — B2) + 2857 + 182(3 — )n—l (E13)
or T oy (B1 + By +27)3 n—oa

Then, if 8, = B,, then Lalq(f) lr=+< 0 and 8%77(_7) |-=+< 0. Otherwise, either
aééir) lr=2< 0 if 85 > B4, or Bégiy) l,=2< 0if B, = 3,0
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7.6. Appendix F: proof of Proposition 10

Consider, in the second stage of the game, the behavior of the follower of type
I (the problem of each follower of type II is not modified), which may be written:

11—«
b
max —eg — ————qy —Yes +1(€2 — € . F1
(oo ) <522 QQ> (q—i—qzq Y€E2 (2 2) ( )

Differentiating (F1) with respect to g2 and e leads to the sufficient first-order
conditions:

SN SRR
2i=1b; (F2)
(1- a)m‘h (ﬁ €2 QQ>}E =0
and
o () o A ZJ 1 J _ —
322 — {0‘62 [ 1o q2 Yeé2 +T(€2 62):| (F3)

(1—04)(7‘*‘7")( 62—Q2)}E=0,
arlrsn b . e
where F = ( 3-€2 — q2> ( S, d2 — ez + r(és — 62)) .
By followmg the same procedure as in Appendices A and C, the best response
of follower j is given by (A9), i.e., b; ji=1,.

nn— a7

q@2(qi;b;7) = —q1 + ZZ) (F4)

52

Therefore, in the first stage of the game, the problem of the leader may be
written:

“ y+rn—1
max ( 2-e; — @ afy q —e1 +r(er —ep)
(en,a1) \ B Y n—a«

The sufficient first-order conditions (the function ,/aB,2d"2=Lg is strictly
Y n—a

concave in ¢ ), namely ‘g% =0 and g—’erll = 0, may be written:

n

1
1— atr n—1 1—5 Tei—qq
{—a[\/m—vm +r(er —e)]+ (dza)yaby ng—aq (grei—a )}E' -0

(F6)
and
\/TH 1 1—eq
[a’y afy -3 a?gl yei+r(e1—e1) (1_00(7_"_ )(yel_ql)] E =0 (F?)
a—1 —a
where F' = (%el — ql) (1 /o, 7;”;‘ i —ver + (e — 61)) )

By considering the terms in brackets in (F6) and (FT7), and by equalizing and
cancelling, leads to:
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1 y+rn—1 _1 y+r

=/ = ) F

D) aBs, N n— afh B1 ~ (F8)
The solution of (F8) yields the equilibrium strategy of the leader:

~ B2 7 n—1

r)=a« . F9
QI( ) 4(ﬂ1)2’y+7’n—0¢ ( )
From (F4), we deduce the equilibrium strategy of the follower of type I:
- a n—1 18,
- & 1— =22 F10
& 26in—a ( 2 Bl) (F10)
We also have Ej = %%, j =1,...,n. Therefore, the market price is given by:
- +r .
px(r) = Ty (F11)

From (F5) and (F9), we deduce the leader’s level of emissions:

- a _ all+a) By n—1
éi(r) = ré; —= ,
v+ y+r 48, n—a

(F12)

and from (F3) and (F10), we deduce the follower’s level of emissions:

- o a ! 18, 2081+ (1 —a)By\ n—1
62(T)—Py+r7”62+7+r<1—2ﬂ1> ( 28, )n—a’ (F13)

which are the magnitudes of Proposition 10. Finally, we deduce (35)-(40).H

7.7. Appendix G: CNE with pollution permit market

The market clearing condition on the permit market may be written here é; (r)+
éa(r) = &, + €., where é;(r) and és(r) will denote the emissions of tle leader and
the follower at the CNE.

The problems of all traders may be written:

n -«
Y ¢ Z]:l b.] _ .
max | =€ —gi ——q; —ye; +r(e; —e ,i1=1,2, Gl
(e1q1) (ﬂi q> ( q1 +q2 @7 ( )> (G1)

@ 11—«
q1 + g2 (1 ) )
max | ———*  p. ~—b; —pler+er), j=1,..,n. (G2)
b (bj 2y b J) no

The sufficient first-order conditions for an interior solution are given by (A5)
for j € {1,...,n}, and by (G3)-(G4) for i € {1, 2}, with:

Yy Y
(o=t RESL I (7

gi—vei+r(@—e)|+(1—a) 57

€, — q; FZO, G3
¢+ q—i (¢ + q-i) q>} (G3)
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€; — q; FZO,izl,Q, G4
B1 G+ q—i q>} (G4

—vei+r(@—e)]—(1—a)y (;

—Q

a—1
where F = (’Y €; — qz> ( qu+; bs qi —ve; +r(e; — 61’))

The solutions to (G3)-(G4) are the followers’ best responses, which are given
by:

(Q27b T __(ZQ+\/ Z ]q2a (G5)
q2(q1;b57) = —q1 + ,627—71—7‘ Z bjqi1, (G6)
j=

an—1

bJ(Q17q27b—]a’r‘) = - .] = 17 ey Ty (G7)

nn—a
where all traders of the same type (here of type IT) must adopt the same strategy
at equilibrium, i.e. b; = b_;, for all j # —j.

The solutions to (G5)-(GT7) are given by:

oo afy v m—1 aB  y n-1
i) = (G e ) (O

A -1
bi(r) =272 j=1,..n (G9)

nn—ao

Therefore, the equilibrium relative market price is given by:

. +r
P (r) = (By + B2) . (G10)
Then, we deduce the emissions:
R A roo_ Y. roo_ Yoo
e1(r),éa(r)) = | « €1+ é1,x es + é |, Gl11
@) - (aoar aetara). (@)
where é; and é5 are given by (B11) in Appendix B.
The allocations are then:
(@1(r), 91(r)) = (047 e — &1, (1 —ajrén + @1) ; (G12)
Bry+r v+
(22(r), 92(r)) = (047 e+ T2, (1 —a)rés + @2) ) (G13)
Bay+r v+
. . v a 1n—-11-« .
; ; = — =1,...,n. Gl14
s = (S L) o o)

Therefore, the CNE payoffs of type I traders are given by:
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) v 7o\ _ . \l-a
= (oL 1— 1
f) = (oF et ) (-apati’. (©)
fo(r) = (ot — &+ g, a((1—a)r@+g2)1ﬂ (G16)
Boy+r = Ayt ’

and, from the market clearing condition on the permits market, i.e., é1(r)+éa(r) =
€1 + é2, the payoffs of type II traders are given by:

«
—1 1—
(61?‘62 'Yl'f‘nT) (1701) “ —‘LL,-Y+O[T

n-—o Y+

#j(r) =

Finally, we have that:

(&1 + é2). (G17)

o 1 n=11%/y+r\i—a
or;(r) (1—a)y {(ka) Bi+B, n } (57)
= — 0. G18
or “ (v +7)2 n—a«a < (G18)

Therefore, we conclude:

or;(r)
or

= 0 either when o« — 0 or when n — +o0. (G19)
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