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1 Introduction

The Emission Trading System (ETS) is a policy that allows firms to purchase emissions rights.
It provides an incentive to enhance internal emission abatement measures, thereby allowing for
increased production while maintaining a set level of emission rights. The largest application of
this policy is the European Union Emission Trading Scheme (EU ETS), started in 2005.

In this paper we investigate the interaction between an ETS scheme and environmental and
socially responsible activities (ECSR) by firms: the latter refers to a business approach that
integrates environmental concerns and social welfare into its operations and interactions with
stakeholders. It entails a commitment by firms to conduct their business in a manner that not
only generates profits but also minimises negative impacts on the environment and contributes
positively to society. In practice, ECSR involves aims at reducing ecological footprints, conserving
natural resources, minimising pollution in the production process. Given the nature of these
activities, it seems natural to expect that the adoption of an ETS policy and of ECSR practices
affect each other. A growing empirical evidence supports this statement (Lee, 2011, Gasbarro
et al., 2013, Horisch, 2013, Kong et al., 2014, Doda et al., 2015, Martin et al., 2016, among
others), but how the interplay between ETS and ECSR, works is left unsanswered.

We analyse the introduction of an ETS policy in an evolutionary setting based on a mixed
N-firms oligopoly model. In each time period, firms compete in quantities and invest in emissions
technology simultaneously, choosing whether to adopt either a profit-seeking or an ECSR statute
based on profitability. ECSR activities encompass both environmental and social concerns, mod-
elled as concerns regarding own polluting emissions and consumer well-being, respectively.

As a benchmark, we analyse the mixed industry before the implementation of an ETS. The
steady state industry configuration differs according to the ECSR commitment to environmental
or social concern. When these commitments are very high, an ECSR firm is not sufficiently
competitive compared to a PS firm; the industry configuration is homogeneous, showing only
PS firm types. If instead both commitments are low, and social concern is stronger than envi-
ronmental concern, the result reverses. This is explained by the fact that, as highlighted in the
literature (Lambertini and Tampieri, 2015, lannucci and Tampieri, 2023, among others), social

concern induces a more aggressive production strategy than the PS one, while environmental



concern induces the ECSR firm to bear an additional emission cost. Thus, the strategy related
to environmental concern is sustainable in a competitive context only if its effect is more than
compensated by the strategy induced by social concern. Finally, mixed oligopolies emerge when
social concern is further pushed while environmental concern remains low.

Next, we consider the implementation of ETS. Equilibria are qualitatively similar to the
baseline model, with an important difference. While the entire region of existence of the steady-
state interior solutions becomes smaller, the region of homogeneous industry configuration of PS
firms drastically shrinks. From this it follows that, in the steady state, the emergence of industry
configurations with only ECSR firms or mixed types is more likely. The intuition is simple. In
the presence of ETS, socially responsible firms have a cost advantage. Indeed, their emission
concern reduces the amount of permits they have to purchase compared to a profit seeking firm.

In terms of policy implications, we find that the introduction of an ETS pushes the share of
ECSR firms, thus giving an incentive at adopting environmentally responsible practices. Clearly,
without any policy in place, PS firms have no incentives in abating their polluting emissions. With
the introduction of the ETS, a new extra cost emerges for both firms, which makes the additional
cost of environmental concern relatively less important in terms of overall cost differences.

Finally, we perform a welfare analysis to evaluate the desirability of the policy. As a general
assessment, we find that while the ETS decreases industry profits and consumer surplus, it also
reduces environmental damage. Interestingly, the overall effect on social welfare is positive, so
the reduction in environmental damage more than offsets the decrease in profits and consumer
surplus. By examining the level of emissions restrictions, our results show that once the ETS
is introduced, the stringency of the ETS policy (i.e., the reduction of the number of permits)
favours the PS strategy over the ECSR strategy.

The remainder of the paper is organised as follows. Section 2 briefly surveys the relevant
literature linked to our contribution. Section 3 describes the benchmark economy where no ETS
is applied, while Section 4 considers the introduction of the ETS in the industry. Section 5
illustrates the welfare analysis before and after implementing the ETS, and Section 6 concludes.

All the proofs are developed in the Appendix.



2 Related literature

The present paper is linked to three strands of economic literature, namely, the literature on
theoretical modelling of markets with ETS, the literature on strategic CSR, and the literature
on evolutionary Cournot competition.

Regarding the first strand, a recent group of papers has investigated the functioning and
impact of ETS in markets and their impact on welfare. Different contributions have focused either
on analysing the optimal number of emission rights (Griill and Taschini, 2011, Fell et al., 2012,
Kollemberg and Taschini, 2016, Perino and Willner, 2016, among others), evaluating aggregate
cost savings due to the implementation of new technology in the ETS (Malueg, 1989, Milliman
and Prince, 1989, Jung et al., 1996, Unold and Requate, 2001, Requate, 2005, among others)
or examining the effects of firms’ choices on investments in eco-innovation as a response to
the implementation of an ETS (Moreno-Bromberg and Taschini, 2011, Antoci et al., 2019). A
relevant point that seems largely unexplored and addressed in this paper is how the introduction
of ETS programs affects corporate strategy concerning environmental and social responsibility.

The literature on strategic ECSR models ECSR activities as a tool to reach some strategic
advantage in the interaction with competitors. This strand has shown important developments
in the last decade.

Some relevant contributions in a static framework are Goering (2008a), Goering (2008b)
and Goering (2010), Kopel and Brand (2012), Lambertini and Tampieri (2015) and Gioffré
et al. (2021), among others. A generally accepted result of these developments is that firms
may strategically commit to CSR activities to obtain higher profits than their profit-seeking
competitors. In non-evolutionary dynamic settings, relevant contributions to the literature of
strategic CSR are Wirl et al. (2013), Becchetti et al. (2014) and Lambertini et al. (2016). In
Wirl et al. (2013), CSR activities are an important determinant for a firm’s reputation, and thus
long run profit, while in Becchetti et al. (2014) the level of product position on the Hotelling
line determines the “ethical value” of the good and thus its level of socially responsible features.
Conversely, as in several static models and the present one, Lambertini et al. (2016) model a
CSR behaviour as composed of profits, a share of consumer surplus and the own level of polluting

emission.



With this literature, we share the feature, common of most of these papers, to model CSR
behaviour as the maximisation, together with profits, also of a part of consumer surplus to repre-
sent social concern and the own share of polluting emission so as to represent the environmental
concern.

Finally, the paper is related to the literature of evolutionary Cournot competition. The
seminal paper of this literature is Droste et al. (2002), while other relevant contributions are
Bischi et al. (2007) and Bischi et al. (2015), among others. This framework and has been already
applied to the analysis of industry configurations with CSR firms in Kopel et al. (2014) and Kopel
and Lamantia (2018), and to the analysis of ECSR in Iannucci and Tampieri (2023). The present
analysis is mainly linked to the latter paper, which analyses an evolutionary setting with Cournot
competition where firms can choose whether to adopt an ECSR or a profit-maximising behaviour.
Nonetheless, Iannucci and Tampieri (2023) focuses on the interplay of ECSR activities with the
implementation of a tax on emissions, while we focus on the effects of the implementation of an

ETS policy.

3 An economy with no ETS

We first consider an economy with no environmental regulation. We outline the model features
and then show the equilibrium results. In this way we are able later to highlight the effects of

the introduction of an ETS.

3.1 The model

Consider an economy composed of N € {2,3,4, ...} firms, producing a homogenous good. There
are two types of firms: profit seeking (PS) and environmental and socially responsible (ECSR).
The number of ECSR firms is m € {0,1,2,..., N}, while the number of PS firms is N —m. The

inverse demand is linear:
m N—m
P=v=D 0~ Y, @ (1)
i=1 =1

where v > 0 is the reservation price, while ¢p and gg are the quantities produced by PS and

ECSR firms, respectively. Production is polluting: for simplicity, the level of emissions amounts



to the quantity of the good produced, ¢, minus an end-of-pipe abatement investment, z. Thus,
we denote emissions as e = ¢ — z.
The profit function of a generic firm k € {E, P} is

Zk2

m=P-ca— 5 (2)

where ¢ > 0 is the production cost. The emission reduction investment is chosen by firms
simultaneously with production quantities.

While a PS firm’s objective function is to maximise (2), an ECSR firm takes into account
its impact in terms of emissions, as well as consumers’ welfare. Hence, its objective function is
(see Lambertini and Tampieri, 2015, Lambertini et al., 2016, Xu and Lee, 2023 and Iannucci and

Tampieri, 2023, among others):
Op =mg + BCS — deg, (3)

where § € [0, 1] is the share of emissions ep = gg — zg internalised by the ECSR during its

production process, and ( € [0, 1] represents the ECSR firms sensitivity to consumer surplus
CS,ie.,
m N—-—m 2
(Zizl q; + Zj:l %’)

CS = 5 . (4)

3.2 The static game

The static game takes as given the industry composition between PS and ECSR firms: firms
choose simultaneously quantities ¢ and abatement investment z. The maximum problem of an
ECSR and PS firm are, respectively,
Lo
max Opg = (p—c)qgg — =25 + pCS — deg,

45,2520 2
(qE—zE)ZO

(p—o) 22
max 7p=(p—c)gp — =2p.
qp,zp=0 2 P
(ap—2zp)20



In what follows, we define market size as the reservation price minus marginal cost (Shy, 1995),
and we take it as the numeraire, i.e., v —c¢ = 1. Solving for quantities and investment in emission

reduction technology, we get the following results.

Proposition 1 In the static game, the equilibrium quantities and abatement of an ECSR and

PS firm are, respectively,

¢ 1=0+(B—=0)(N—m)

ie = N —-Bm+1 ’

25 =94,

« _ 1—=(B=0)m

dp = ~ 2., 1
N—-pm+1

zp =0

By Proposition 1, optimal profits can be rewritten as:

62

WE = Q;QE - 9

T = (¢p)*.
The following corollary summarises the conditions such that the equilibrium elements are positive,

together with the equilibrium level of emissions, ¢} — 2 for every firm type k and industry

composition. For convenience, we define

(S9)
Il

o BN 1
max
a ) N )

< . [(BN+1) 1
0= mm{Q(]\H—l)’(l—ﬂ)NJrQ}'

Corollary 1 Condition § € (8,6) ensures ¢ > 0 and ¢} — 2% > 0 for each m € {0,1,2,...,N}.

3.3 Evolutionary dynamics

In this section we introduce continuous time and let firms to choose their type. Accordingly,

we assume an infinite population of firms composed of both ECSR and PS. In every instant,



two firms are randomly selected to play a duopoly game with the rules described above, so that
N = 2, while m € {0,1,2} (Droste et al., 2002). Therefore, the profit of adopting a strategy
is a function of the probability of encountering. We denote x € [0,1] as the probability that
a firm adopts the ECSR strategy. If the game is repeatedly played, the probability = may be
interpreted as the share of ECSR firms in the population, and 1 — x as the share of PS firms.
The expected profits can be written as linear functions of the probability x over the bounded

and limited interval [0, 1]. In particular, the expected profit of the ECSR firm is:

E(np(z)) = 27pp + (1 - 2)7Ep, (6)

with
. _ (1=0)[20-p)+1] ¢
TER = (25_3)2 - ?7 (7)
and
. _(0=B+1)(B—-204+1) 0° g
Tpp = (B — 3)2 o (8)

where 7% is the payoff of the ECSR firm if it encounters another ECSR firm, while 7} is the
payoff of the profit firm if it encounters a PS firm. Equations (7) and (8) are obtained by the
static equilibrium quantities of a ECSR firm in Proposition 1 when N = 2 and m = 2 and m = 1,

respectively. The expected profit of the PS firm is:
E(r} () = amhp + (1 - 2)mhp,

with
o= (525 o)

and
"he =3, (10)
where 7% is the payoff of a PS firm if it competes against an ECSR firm, while 7}, is the PS

firm’s profit if it encounters a firm of the same type. Similarly to the previous case, Equations

(9) and (10) are obtained by the static equilibrium quantities of a PS firm in Proposition 1 when



N =2 and m = 1 and m = 0, respectively. If the population of firms is large enough, which
we assume, then by the law of large numbers we can take the expected profits to be a close
approximation of realised profits (Weibull, 1995, pp 71-72).

The time evolution of the share x is given by the following replicator dynamics:

@ =x(1 —z) [E(rg () — E(rp(2))] (11)

The replicator equation (11) admits three types of steady states: = 0, in which all firms are PS
(“All PS” configuration), + = 1 in which all firms are ECSR (“All ECSR” configuration), and an
inner state, z € (0,1), in which there is coexistence between firms. Only stable steady states are
Nash equilibria so that, denoting z* as a stable steady state, the corner solutions z* € {0, 1} are
pure Nash equilibria, while the inner z* € (0,1) is a mixed-strategy Nash equilibrium (Bomze,
1986). Therefore, if 7%, — 7hp < 0 and 75, — 7hp < 0, then E(rg(x)) < E(nh(x)) Yz € [0,1]
and so z* = 0, whileif 7}, p, —7hp > 0 and 7}, — 75 > 0, then E(7%(z)) > E(nr%(x)) Vo € [0,1]

and so x* = 1. Differently, if

%
°T ThE :gi - Z;Z +7pp =01,

then the equilibrium is mixed and E(n}%(x)) = E(rj5(x)). This inner steady state is stable if

Thp—Thp > 0and 7o —7hy < 0 (“Mixed” configuration), while it is unstable if 7%, —75p, < 0

and 5y — mhp > 0 (“Unstable” configuration).

The next proposition illustrates the possible industry configurations according to the values
of the ECSR sensitivity to own emissions, J. To ease the exposition, we define d; 2 and d3 4 in the
Appendix (Proof of Proposition 2), which help us to identify the different configurations. More
specifically, d is one of the solution of the equation 7%, — 75, = 0 and d3 4 are the solution of

the equation 7}, — 7h = 0, while § = max{6, ds}.

Proposition 2 The possible industry configurations are

1. “All ECSR” (z* =0) for 6 € (5,64);

2. “All PS” (x* = 1) for 6 € (§2,0);
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Figure. 1. Dynamic regimes in the plane (8, ).

3. “Mived” (z* € (0,1)) for § ((g, 35)\(, 54)).

Fig. 1 shows the regions of the plane (8, d) outlined by Proposition 2. The equilibrium industry
structure varies depending on the degree of environmental and social responsibility, respectively.
When ECSR commitments are extremely elevated, ECSR firms struggle to compete with PS
firms, leading to a homogeneous industry configuration dominated by PS firms. Conversely, when
both ECSR commitments are minimal and social concerns outweigh environmental concerns, the
outcome is reversed. The intuition behind Proposition 2 can be explained as follows. The socially
responsible production strategy is generally more aggressive, in terms of competition, than that
of profit-seeking firms. This is true even if the socially responsible firm also attaches a weight to
polluting emission, as long as the expansive effect of social concern more than offsets the related

reduction in production.

4 The introduction of an ETS

An ETS generally operates on a cap-and-trade principle. This means that there is a cap, or limit,
set on the total amount of certain greenhouse gases that can be emitted by allowances covered by
the system. These allowances represent the right to emit a specific amount of greenhouse gases.
The firms’ demand for allowances in the ETS, while the cap is exogenously established by the

environmental agency. In equilibrium, demand and supply (the cap) of allowances determine an

10



ETS price, mirroring an auctioning system:.

To introduce an ETS in the analysis, we now assume that firms must purchase emission
permits (to which we will refer as “ETS” for brevity) that correspond to the emissions coming from
their production at unit price a. The number of emission permits in the industry is established
by the policy maker at E. To reduce the cost of ETS, firms may invest into technology z aimed
at reducing emissions.

Like before, each time period assumes the industry composition between PS and ECSR firms
as given, but now the game is sequential rather than static. In particular, it is composed of
two stages. In stage 1, the market of ETS clears and the price of permits is set. In stage 2,
firms choose simultaneously quantities ¢ and abatement investment z. The equilibrium consept
is subgame perfect Nash equilibrium (SPNE), which is solved by backward induction.

In the second stage, the firms’ maximum problem amounts to

max O = (b — )it — (=540 + BOS — (5 + a) gfl* — ),

a5 ,25°20
(a5°—=25°)=0

1 (12)
jax it = (0 = g’ — 5 (&R~ alep” — 2p),

(45 —25)20

where @ > 0 is the price of one emission permit. In the first stage, the allowance price is

determined by market clearing, i.e., the demand for permits equals the given supply:

(5" = 25" )m + (5" = =) (N —m) = E. (13)

The following proposition holds.

11



Proposition 3 The SPNE is given by:

« N—(N+1)E—[(N+2)d+ (6m+ E)Bm

“ = (N — Bm +2)N ’
qets* _ 1—6—(14—[(1—&)6—5](]\]—771)
B N—-pm+1 ’
P L (14)
qets* _ l—a—[(l—a)ﬁ—(ﬂm
P N—-pm+1 ’
Zets #* a*
By Proposition 3, equilibrium profits may be rewritten as
€ets ers (a*)2
15
ﬂ_ets # _ oets x ets % + (Ot*)2 _ ﬁ
E E P 2 2 N

Analogously to Corollary 1, the following corollary summarises the conditions for interior solu-

tions for each market composition. For convenience, define

6ets

{0 (N +2E)BN — (N + 2)E}
NS T (A= N+ 2IN [

505 _ {N—[(l—ﬂ)NJrl]E (N+2)E+ (N +E)BN }
T U =B N 2N 2(N +2)N )
ets . (N + ].)E — N
B = maX{O, — N },
—ets L . (2N +E)(N + 2)
b {[2(N+E)+N]N’1}

Corollary 2 The conditions § € (st,get‘s) and 3 € (ge“,Be“) ensure positive emissions and

allowance price for each m € {0,1,2, ..., N}.

We now introduce the evolutionary dynamics, following the same procedure as in the baseline

12



case. Substituting the equilibrium values by Proposition 3, the optimal matching profits are

A(B — 4)BE” +16[(8 — 4)B + 4]6F — 4(28 + 1)E — 4(45 — 3)

ets % __

EE = 32(5 — 2)2 )
etsx  AB—1)E— (68— 11)E” + 4(98 — 4)5 + 40(8 — 2)6° + 2(E + 12)BE + 12
EP 8(ﬁ—4)2 )
[(1-28)E +8(E +4d+ 1) + 55282
- 8(5 — 4)2 ’
etsw _ (B=3)E+(B-4)5+2 L10=B+1)@E-8) — (B D[(B—3)E + (8 —4)3 + 2]}
re 2(28 —8)? (28 —8)*(B - 3)? ’
s B —4E+12
S DT I

Following the same structure as in the previous section, we define J5 ¢ as the solution of of the
equation 795 * — 4% * = ( while d7 g are the solutions of the equation 7§45 * — 7¢%* = 0, whose
derivation can be found in the Appendix (Proof of Proposition 4). We also define o1 = max{J, 7},

by = min{dg, I}, 0y = max{dg, ds }, o4 = max{J, d5}, o5 = min{ds,5}. The following proposition

outlines the steady state industry configuration in the presence of an ETS policy.
Proposition 4 Denoting °° * as a stable steady state, four dynamic regimes may arise:

o “All ECSR” (x°'** = 1) for § € (81, 05).

o “All PS” (xt** = 0) for § € (33,0).

o “Mized” (x°°* € (0,1)) for § € ((54,55)\(51,52)).

o “Unstable” (x°*** € {0,1}) for 6 € (s, d¢).
Compared to Proposition 2, in Proposition 4 a new region emerges with a different type of
equilibrium, the “Unstable”: here, the type of steady state depends on the initial conditions in
terms of industry configuration. If initially there are more PS than ECSR firms operating in the
industry, it implies an “All PS” configuration. Conversely, if the initial conditions show more
ECSR than PS firms, the unstable steady state leads to an “All ECSR” configuration. It is
worth noting that, since ECSR practices are relatively recent, spanning their development over

a few decades, we may reasonably assume that the initial conditions generally exhibit a higher

proportion of PS firms, resulting in a collapse into an “All PS” configuration.
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By Proposition 2 and Proposition 4, we are able to compare the two steady-state regions
of existence before and after the introduction of an ETS scheme. The results are outlined in
Fig. 3, which appear robust to different values of the stringency E: the region of existence of the
steady-state equilibrium shrinks, with the larger reduction for a part of the region characterised
by the “All PS” industry configuration. Hence, the introduction of an ETS makes the adoption
of a PS strategy less likely. In addition, Fig. 3 shows the equilibrium region with ETS, which
appears qualitatively similar to that without ETS when we focus only on the region where both

steady states exist. The intuition is similar as in the baseline case.
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Figure. 2. Regions of existence.
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Figure. 3. Dynamic regimes of the plane (3,6), E = 0.4.
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5 Welfare analysis

We are left with the task of evaluating how the introduction of an ETS and its stringency affect
social welfare. First, we focus on the steady-state industry configurations and emissions. We
then proceed to evaluate changes in social welfare. We may interpret the stringency of the ETS
from the level of E, which represents the supply of permits. In our model, this is exogenously
determined by the environmental agency and can be treated as a parameter. The lower the ),
the higher the stringency level of the policy. In the numerical exercise, the chosen parameter
values (i.e., § = 0.38 and 6 = 0.14) ensure that Corollary 1 and Corollary 2 hold consistently,
and that z°* * € (0,1) across all figures.

Figure 4 shows the results: in both panels, the horizontal lines refer to the case without
ETS, which is clearly not affected by the stringency of the policy. As shown in Fig. 4(a), the
share of ECSR firms increases with the introduction of the ETS, provided that the policy is not
strict. Indeed, the proportion of ECSR firms falls with increased stringency. Notice that, at the
lowest admissible level of E, the industry is composed of only of PS firms. This result may be
explained as follows: the lower number of available permits increases their price, thus making it
more difficult for ECSR firms to compete, as they also bear the internalisation cost of emission
reduction.

Figure 4(b) shows that, quite intuitively, (i) ECSR firms always emit less than PS ones,
(ii) the introduction of the ETS reduces emissions regardless of the stringency of the policy,
and (iii) emissions decrease for each firm type as the policy becomes stricter. Interestingly, the
difference in the level of emissions between PS and ECSR firms increases with the stringency of
the policy. This may be attributed to the internalisation of emission costs; the higher price of
permits prompts greater investment in emission reduction technology by ECSR firms compared
to PS firms.

We now turn to social welfare. This is given by the sum of industry profits, consumer surplus

and permits revenue PR (if the policy is in place) minus environmental damage ED:

W* = 2En} + CS* — ED*,
(16)
Wets * _ QE’/T,?S * + CSets * + PR* _ EDets *

15
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Figure. 4. The introduction of an ETS and variation of its stringency.

In (16), the permits revenue PR corresponds to
PR* =a [(quts *® ths *)xets * + (C]?:ts * Zle:,ts *)(1 _ xets *)] N, (17)

while environmental damage ED is a quadratic function in the polluting emissions,

ED* = d[(¢}% — 25)a* + (¢ — z5)(1 —2*)]° N,

(18)
EDets * d[(qgﬁs * ZeEts *)xets * + ((ﬁ)ts * Z]e)ts *)(1 _ :L'Ets *)]ZN,

where d is normalised to 1. Finally, notice that, in steady state z¢*** € (0,1), the expected
profits of ECSR and PS firms are equal.

Figure 5 illustrates our findings: in Fig. 5(a), total industry profits are negatively affected by
the introduction of an ETS, but their level increases with the increase in stringency. In Fig. 5(b),
consumer surplus may increase with the introduction of the ETS if the policy is sufficiently
lenient, while it decreases otherwise. Environmental damage is systematically reduced with the
ETS, and intuitively falls further as the policy becomes stricter (Fig. 5(c)). In contrast, overall
social welfare reaches its maximum level when the stringency is strongest (Fig. 5(d)). This result
implies that what determines social welfare at the margin is indeed the level of environmental

damage.
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Figure. 5. The introduction of an ETS and variation of its stringency.

6 Concluding remarks

We have analysed the steady-state industry configuration of an oligopoly composed of profit-
seeking and environmentally socially responsible firms in an evolutionary setting. Pollution in
the industry is regulated through an Emission Trading System scheme that allocates emissions
rights to firms.

Our findings show that: (i) the share of ECSR firms increases with the implementation of the
ETS policy, (ii) the number of ECSR firms decreases with the stringency of the ETS policy, (iii)
in the presence of the ETS, the difference in emissions between PS and ECSR firms widens with
increasing stringency, leading to a general reduction in emissions, and (iv) equilibrium profits
decline with the introduction of the ETS policy and its increasing stringency. We hope that our

results may assist environmental regulators in addressing their policy agenda.
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A potentially interesting avenue for future research is to include in the methodology a type
of process-integrated abatement technologies. Such abatement methods are relevant across vari-
ous industries (Hartman et al., 1997). Examples include enhancing automation process control,
substituting raw and auxiliary materials, recycling waste, employing low-waste technological
processes, and extending the lifespan of materials and process liquids. Typically, an emission
abatement technology that alters the production process is modeled such that the cost of emis-
sions reduction is convex in the level of production (Subramanian et al., 2007, Christin et al.,
2014, Anand and Giraud-Carrier, 2020, and Lambertini et al., 2020, among others). While in-
corporating this assumption may increase the complexity of the analysis, it may not necessarily
yield qualitatively similar results to the current approach. The inclusion of process-integrated

abatement technologies remains a topic for future investigation.

Appendix

Proof of Proposition 1

The Lagrangian functions associated with the problems (5) are:
Lg = O0g+ AMge + X2 + A3(qe — 28),
Lp =7p + Aaqp + Aszp + Xs¢(qp — 2p).

where A1, Ao, A3, A4, A5, Ag = 0 are the Khun-Tucker multipliers. The first order conditions with

respect to ¢x and zx are (y —c = 1):

aﬁE m—1 N—m m—1 N—m

Fon — T2 - Mai— D g+ ae+ Dl a+ D, 4| B-0+M+Xr=0,
4E i=0 j=1 1=0 j=1
2£E=—ZE+5+)\2—/\3=0,

" (19)
aﬁp N—m—1 m

B, LT 2ar - Z Qj—ZQi+/\4+)\6=0,

ar j=0 i=1

oL

7P=—ZP+)\5—)\6=0.

(3213
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Invoking symmetry among firms of the same type, from (19) we obtain the optimality conditions

for ECSR firms:

-

L= (m+1)gg — (N —m)gp +[mgp + (N —m)qp] B =36 + A1 + A3 =0,
—zg+0+ A — A3 =0,

A1ge =0, A1 20,

Xozgp =0, Ay =0,

X3(qe — zE), A3 =0,

g 20, zg 20, gg — 2 2 0,

and for PS firms:

(
1—qu—(N—m+1)QP+)\4+)\6=O7

—zp+ A5 — g =0,
Aagp =0, Ay 20,
Aszp =0, A5 =0,
Aeé(qp — zp), X6 = 0,

QPZO, ZP>07 CIP—ZPZ()»
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Solving the system (20)-(21), we get:

.
1-6+(8-0)(N—m) . [(N—m)B+1]
. N=pmi1 > 0 < stNFn—(135)m>
2+(N—m)B . [(N—m)B+1] |
Lz(zvf/anﬁzy ifg > 2(N+1)T(1+B)m’

.
; [(N—m)B+1]
o = 0O D=
2+(N—m)B . [(N—m)B+1] |
k2(1\17/37::12)7 0 2 sn (e mm’

-
1—(6—5)777, if(s > ﬁm—l
m )

N—pBm+1"
qp =
2—Bm . Bm—1,
| 2(N—Bm+2) if§ < =03
p
0, if § > B
Zp =3
2—Bm . Bm—1
| 2(N=Fm+2)’ itd < ==
The condition
Bm—1 [(N—m)8+1]
0 0 22
E<HMX{’ m 2N+ —(1+B)m)’ (22)

ensures interior solutions. Notice that

[(N-m)B+1]
2(N+1)—(1+8)m
O
Proof of Corollary 1
From (22), we derive that g% — z% > 0 if
5< NV -—mB+1]
2IN+1)—(1+8)m
Therefore,
5<&:mm{$xig’u—5N+2}
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is such that ¢}, — 2 > 0Vm € {0,1,2,..., N}. Analogously, ¢} > 0 if

> 7[6771 — 1].

m

0

Therefore, the condition

0>4:= max{O,WN_l)}

is such that ¢} > 0Vm e {0,1,2,...,N}. O

Proof of Proposition 2

. + . . .
Equation 7}, — 75 p = 0 can be rewritten as a quadratic form

A162 + Bd+Cy >0, (23)
with
___ 2 1 _ 381 o _2058-3)8
SR i A R ERR R )

The discriminant of equation (23) is

Al = —208% +128+1
Y9 -3

which is positive for § € [O,B), with B ~ 0.6741 and negative for § € (B, 1]. The solutions of

equation (23) are

3384+ 1)+(8—3)y/—2082 + 128+ 1
N 3(B2 — 683 + 13) ’

01,2

with 6, < 65. Notice that &; < 0 V3 € [0, 3], with 3, ~ 0.6, and &; > 0 V3 € [By, 3], while
o =2 0VB € [0,3]. It always occurs that §; < § while d > §. Therefore, if § € [0,3), then
mhp —mhp > 0 for § € (§,02) and 7k, — whp < 0 for § € (82,6). Finally, if 8 € (B, 1], then
Tpp —Tpp < 0.

Analogously, the equation 7}, — 75 = 0 can be rewritten as a quadratic form

A6% + Bad + Cy > 0, (24)
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with
1 2 1 _108% — 4362 + 543 —9
I EA T N R oY T )

281 B—1\2
02__(26—3)2_</3—3> |

and

The discriminant of (24) is

—88* +368% —478%2 + 108 + 1

B2 = (282 — 98 + 9)° ’

which is positive for g € [0,5), with 5 ~ 0.3647, and negative for § € (5, 1]. The solutions of
(24) are

5. 108° —436° + 545 — 9+ (25° 95 + 9)\/—8B + 36433 — 4782 + 108 + 1
B4 484 — 3653 + 12982 — 21083 + 135 ’

with 65 < 6,. Notice that 85 > 0 for 8 € (Ba, B), with B2 ~ 0.3223, while 6, > 0 V3 € [0, 3).
Since § > 0if g > %, then both d3 and d4 are always greater than . Therefore, if 5 € [0, 5) then
Ty — k> 0 for § € (8,44), with § = max{8, 63} and 7%, — 7%, < 0 for d € (8,83) U (d4,0).
Finally, if 8 € (5, 1], then 7}y — mhp < 0.

Since dy > 04 V3 € [0, E), we have:

o if B [0,5):
e —mhp > 0and 7wk, — 75, > 0 for (8,0) N (6,04) = (9, 04);
64a )) = (5473))

(64,0)) = (8,03) U (04,0);

— Thp—Tpp <0and nh, —7mh, <0 for ( (62,6) (5 d3) U

—Thp—Thp>0and 7k —7hy < 0 for (6, d2) m(5 d3) U
— Thp —Tpp <0and 1 — hy > 0 for (62,0) N (6,01) = 2.

o if B (5,5):
— whp — b > 0 and why — why < 0 for (8.62) 0 (8,3) = (3,62);
~ mhp—Thp <0and mhy — mhy <0 for (62,0) N (8,8) = (d2,0).

o if € (B7 1], then 7%, — 7%, < 0 and 7, — 7wk, < 0 for § € (4,6).
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Thus the inner steady state, when existing, is always stable. O

Proof of Proposition 3

The Lagrangian functions associated with the problems (12) are:

ets __ ets ets ets ets ets ets( ets ets
LE" =08+ A17qg" + A3 + A% (gE° — 25°),

E%s _ ets 4 )\ets ets )\etszets )\ets( ets Z;ﬁ)ts).

where {15 AP AP NGES AES AR > 0 are the Khun-Tucker multipliers. The first order condi-

tions with respect to ¢f'* and z{'* are (y — ¢ = 1):

0£ets
aqgs _ ets _ Z qets _ Z ets < ets + Z qets Z ets> ﬂ—é—a +)\§ts _l_)\gts =0,
E
aﬁets
659: 2545+ o+ AT = A\ =0,
a‘cets t sz ' t Z t t t
-1_ es ets qes a+>\es+>\es_
aqete ’
aﬁets
6255 = -z +a+ AT -2 =0
P

(25)

Invoking symmetry among firms of the same type, from (25) we obtain the optimality conditions

for ECSR firms:

1= (m 4+ 1)gt = (N = m)ggt® + [mgsl* + (N = m)qif*)] 8 = 8 — a + A" + X5 =0,
ets_l_(;_i_a_i_)\ets_)\gts:o?
/\ets ets O Apts > 0
(26)
N§P 2t = 0, Ag' = 0,

)\ets ( ets __ ets) )\ets

ets O Zets 0 qets ets > 0’
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and for PS firms:

-

Solving the system (26)-(27), we get:

qutS - N*ﬁerl
(N=m)B+2
| 2N —pmr2y» 02

ets

)\itsq%ts — 07 )\Zts > 0,

NGl zes = 0, AP > 0,

NG = 2). A5 20,

q%ts =0, Zlgts =0, qIEDtS —Zp

—zp +a+ A =\ =0,

1—mg8s — (N —m+1)g%* —a+ X" + N\ =0,

ets > 07

r1—6—a+|:(1—(L),B—6](N—’m) if§ < 1+(N—m)B—(N—-2m)af—(N+1)a

2N—(14+8)m+2 )

1+(N—m)B—(N—2m)aB—(N+1l)a,

2N —(14+8)m+2 ’

. 1+(N=—m)B—(N—=2 B—(N+1
§+a, if § < PN (Ctmal(Nrl)e

z =<
(N—m)B+2 i8> 1+(N—m)B—(N—2m)aB—(N+1)a,
L 2(N—pBm+2)>’ = 2N—(14+3)m+2 ’
(4
—a—[(1—a)B—=06]m . (N+2)a—1+4+(1—2a)Bm
g = ] N Bmil o H0> m ’
o7 =
2-p . (N+2)a—1+(1—2a)Bm
LZ(N—B::—&-Q)’ if§ < ™ ;
a, if6> (N+2)a—1+(1—2a)6m’
Zets = { m
2—4 . (N+2)a—1+4+(1—2a)pfm
L2(N—[37ZL+2)’ if 0 < m

Condition

5e <max {07 (N+2)a—14+(1—2a)Bm

m

}, min

ensures interior solutions. Notice that if condition (28) is not satisfied, then the allowance price

{

1+(N—m)6—(N—Zm)aﬂ—(N—}-l)a,l})7

2N —(1+B8)m+2

(28)

is equal to zero (the border solutions of the system (20)-(21) with no ETS, are the same of system

(26)-(27) with ETS).
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We now turn to the first stage, where the permit price a is such that

(¢5° — 25" )m+ (¢p° —qp*)(N —m) = E

Solving, we obtain:

> 0.

a =

N—(N+1)E—[(N+2)+ (0m+ E)S]m
(N —-Bm+2)N

Proof of Corollary 2

The equilibrium price of the permit a™* is strictly positive if

5<min{N_(N+1_Bm)E, }

(N —pm+2)m

Therefore, the condition

5<min{N_[(1_ﬁ)N+1]E7l},

[(1=B)N +2]N

guarantees positive allowance price for each market composition. Notice that

N —[(1-B)N +1]E

[—AN 2N >
if
5 > maX{O W}
’ EN '

Substituting the value of a* in (28), then ¢%* * — 2% * > 0 if

5<min{[N+2+(N—2m)ﬁ]E+(N—m)ﬁNJ}'

2(N —m)(N — fm + 2)

Therefore, the condition

5<min{(N+2)E+(N+E)ﬂN,1},

2(N +2)N
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ensures positive ECSR emissions for each market composition. Analogously, ¢&* * — 2%5* > 0 if

5o max{()’ B(2E + N) — (N+2)E}

2(N = Bm + 2)m

Therefore, the condition

5> maX{O, (N +2E)BN — (N + 2)E}’

2[(1 = B)N +2]N
guarantees positive PS emissions for each market composition. Notice that

(N +2E)BN — (N +2)E

<1
2[(1 - B)N +2|N ’
if
2N + FE
6<min{ ( 7+E)(N+2) ,1}.
[2(E+ N)+ N[N
Summarising, we obtain the results of Corollary 2. O
Proof of Proposition 4
Equation 7¢%* — 7%5* = (0 can be rewritten as a quadratic form
A352 + B3y + C3 > 0, (29)
with
5 (B—3)E+2(28-1)
As =—=, B3 =—
3 8; 3 4(6 — 4) )
and
o (8E + 708 + 278E — 48)(E + 2)3
3 = — .

128(3 — 4)2

The discriminant of (29) is

568 — 144)E" + 96(58 — 2)E — (119E° + 492F — 444) % + 32(78 — 2)
256(3 — 4)2

Agz(
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Thus, the solutions of (29) are

—8(28—1)—4(8+3) + \/(56ﬁ — 144)E° + 96(58 — 2)F — (119E" + 492F — 444)82 + 32(78 — 2)
20(8 —4) ’

05,6 =

with 85 < 0. Therefore, if Ay > 0, then 7%, — 7% > 0 for § € (35, 05), with 0; = max{d, ds} and

by = min{é, 6s}. Conversely, if Az < 0, then e, — T, < 0.

Similarly, equation 745 * — 7%5* = 0 can be rewritten as a quadratic form
Ay6? + Byd+Cy > 0, (30)
with
— E—2(26—-1
A4:_§’ B4= (ﬂ+3) (ﬂ ),
3 A(B—14)
and

o, = —(2+ E)[(498 — 8)E + 2(738 — 24) + (16 + 8F) 3% — 8(11 + 5E) %]
tT 32(82 — 63 + 8)2 '

The discriminant of (30) is

A, = 228 - 1)+ (B+3)E]* 3(2+ E)[(498 —8)E +2(733 — 24) + (16 + 8E) 33 — 8(11 + 5F)3?]3
b 16(5 — 4)? - 64(52 — 65 + 8)2 :

Hence, the solutions of (30) are

—(B—6)E + (10 — EB)B + 8(8* + D\VF
2(382 — 188 + 24) ’

078 =
with

F = —4(10E" + 16E + 8)8* + 8(16E" + 57E + 26)3% — (191E" + 972F + 348)3%—

8(9E" — T6E +4)8 + 144" + 192F + 64.

Notice that, if Ay > 0, then 75, — 7hy > 0 for ¢ € (53,54), with 05 = max{J, o7} and oy =

min{d, ds}. Conversely, if Ay <0, then 7}, — 7%, < 0. O
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