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It iswidely accepted that the firms included in an emissions trading scheme (ETS) comemostly fromoligopolistic
industries. The “exclusionary manipulation” of these heterogeneous emitters can distort both output and
permitmarkets and lead to differences in abatement technology adoption.We studied the impacts of asymmetric
firms' market power on the diffusion of abatement technologies. A model for technology adoption among
heterogeneous firms has been established, which takes into account diversity in production capacity and the
integration of firms' strategic behaviour in both the carbon permit and the output markets. Our model reveals
that, considering the direct and strategic effects in adoption benefits, firms' production capacity can directly
determine their sequence order of adoption, and their market power can accelerate the diffusion of a new
abatement technology. A case study of an energy-intensive sector in China is illustrated to support the
conclusions derived from the model and help policymakers better understand the diffusion of abatement
technologies under imperfect market structure.
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1. Introduction

A wide debate is currently taking place over the effect of an emis-
sions trading scheme (ETS) on the diffusion of environmentally friendly
technologies. Kumar andManagi (2010) and Tietenburg (2010) believe
that a permit market establishes a clear price signal that provides firms
with more incentives to invest in environmental research and develop-
ment (R&D) than command and control regulations. However, oppo-
nents of this idea, such as Laffont and Tirole (1996) and Fadaee and
Lambertini (2015), use a theoretical analysis to illustrate that pollution
permits diminish or eliminate firms' incentives to develop green R&D
when the firms have acquired the right to pollute for free. Meanwhile,
the permitmarket is empirically found to provide insufficient incentives
for corporate innovation activities, especially if the regulators choose
unreasonable allocation rules for the permit markets (e.g., an emissions
trading scheme (ETS), Schleich and Betz, 2005; Hoffmann, 2007; Leiter
et al., 2011; Rogge et al., 2011; Bergek et al., 2014).
It is common to observe that firms manipulate the market when
they are included in the ETS (Kolstad and Wolak, 2008; Hintermann,
2011; Liao and Shi, 2018), which may become a serious problem, espe-
cially in some localized permit markets with imperfect trading mecha-
nisms (Sartzetakis, 1997; Dickson and MacKenzie, 2018). In addition,
it is often neglected that most firms usually behave as oligopolists in
the output markets because they come from energy-intensive sectors
such as iron and steel (Wang et al., 2018). With market power in the
outputmarket,firms can also distort the permitmarket price to increase
their rivals' costs in the outputmarket (Hahn, 1984;Hintermann, 2017).
Such strategic behaviour has been called “exclusionarymanipulation” in
Misiolek and Elder (1989), and it aggravates the inefficiencies occurring
in both output and permit markets (Malueg, 1990; Song et al., 2018).

It is worth askingwhether the introduction of an ETS increasesfirms'
economic incentives to accelerate the diffusion of abatement technolo-
gies because of the imperfectly competitive permit market. In contrast
to a perfectly competitive setting inwhich tradable permits can perform
better than command and controlwith respect to creating incentives for
the adoption of abatement technologies to promote technology adop-
tion (Montero, 2002a; Requate, 2005a), heterogeneousfirms can distort
both output and permit market prices under possible exclusionary
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1 This assumption is reasonable when most firms adopt end-of-pipe technologies to
curb emissions. Therefore, here, it is necessary for us to consider the interplay between
firms' market power in output and permit markets.
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manipulation. Then, such strategic behaviours can result in certain
consequences on their expected technology adoption benefits and
the process of technology diffusion. Therefore, it is necessary to
re-evaluate firms' decisions on technology adoption in imperfectly
competitive markets.

This paper studied firms' strategic behaviour in their decision to
adopt abatement technology with the consideration of exclusionary
manipulation. An analytical framework for technology adoption
among asymmetric firms with diversity in production capacity has
been established, and a two-stage non-cooperative cooperative game
model is integrated to characterize the strategic behaviour of heteroge-
neous firms (Godal, 2005). With this model, we can determine
the heterogeneous firms' benefits from technology adoption in the
imperfect market and the optimal date of adoption. A case study of an
energy-intensive sector in China is illustrated to support the conclusions
derived from the model and present a more comprehensive discussion
on the diffusion of abatement technologies in imperfectly competitive
markets.

Similar to our paper, Coria (2009) explores how the choice
between taxes and permits affects the pattern of adoption of an
abatement technology. The dynamic approach she proposed pro-
vides a valuable starting point for further studies exploring firms'
timing decisions regarding upgrading technology. We extend the
analytical framework and contribute to the previous literature in
the following ways.

1) We investigated the effect of market power in the permit market on
the diffusion of technology. Firms' decisions regarding technology
adoption have been examined in a duopolistic framework in
Reinganum (1981), Fudenberg and Tirole (1985), and Huisman
and Kort (2003). Coria (2009) adopts a framework for the adoption
of an abatement technology but does not consider market power in
the permit market. Under imperfect market conditions, R&D incen-
tives to invest in abatement technologies depend on both the direct
and strategic effects that are generated by market-based instru-
ments (Montero, 2002a; Bruneau, 2004; Nelissen and Requate,
2007; Requate, 2005a). Given that emissions cannot be symmetric
in terms of costs for the firms proposed in Ambec and Coria (2013)
and the differences in the potential for abatement before technology
adoption lead to sequential adoption among the firms (Thirtle
and Ruttan, 1987; Karshenas and Stoneman, 1993), the market
power in the permitmarketwill obviously affect abatement technol-
ogy adoption and should not be neglected.

2) An integrated two-stage game model is proposed for characterizing
the strategic behaviour of firms. The market prices of both output
and permits can be simultaneously distorted because of firms' exclu-
sionary manipulation (Misiolek and Elder, 1989; Chesney et al.,
2016). The effects of policy instruments are ambiguous with respect
to technology adoption under Cournot competition in the output
market (Montero, 2002b; Gersbach and Requate, 2004; Requate,
2005b; Sanin and Zanaj, 2007). The traditional Hahn-Westskog
model featured only large agents with market power and a fringe
in a Stackelberg-type game (Hahn, 1984; Westskog, 1996), and
there is no market-clearing device in the absence of price takers
(Montero, 2009). Then, referring to Flåm and Jourani (2003), Godal
(2005), andWang et al. (2018), we assume that each heterogeneous
firm can become a strategist with more or less market power in the
ETS. A two-stage noncooperative cooperative game is introduced to
describe the coexistence of strategic and non-strategic behaviours in
the permit market, and a Cournotmodel is combined to characterize
firms' strategic behaviour in the output market.

3) The diversity in firms' production capacity has been identified to
describe the heterogeneity. Production capacity has been identified
as one of the factors that influence a firm's adoption of abatement
technologies (Ge et al., 2017). The scale of enterprises and their
adoption costs determine the effect of market-based instruments on
low-carbon technology diffusion (Mohr, 2006; Fan and Dong, 2018).
Production capacity can also directly lead to firms' strategic behaviour
in both the output market and permit market. Therefore, different
from Coria and Mohlin (2017) and Moner-Colonques and Rubio
(2015), we incorporate production capacity to reflect asymmetric
firms' heterogeneity. With this model, we present how the optimal
date of technology adoption among heterogeneous firms can be de-
termined in association with production capacity and corresponding
adoption benefits.

The remainder of the paper is structured as follows. Section 2 pre-
sents the development of the models. Section 3 proposes an analytical
framework for the impact in an imperfectly competitive market. In
Section 4, we develop quantitative examples to illustrate the analytical
results of the previous sections. We provide concluding remarks in
Section 5.

2. Model formulation

2.1. Preliminaries

Let I be the fixed and finite set of heterogeneous firms produc-
ing a homogeneous good in an energy-intensive sector. Each firm
j ∈ I(j = 1, … ,n) is included in an ETS. The linear inverse demand
function for the good is given by:

P ¼ P Qð Þ ¼ a−b � Q ð1Þ

where Q denotes the aggregate level of output in the sector, i.e.,Q ¼
Xn
j¼1

qj, and qj denotes the level of production of firm j; a and b are positive
parameters.

Similar to Coria (2009), we assume that when they produce output,
firms emit a homogeneous pollutant—that is, carbon dioxide (CO2)—
and each unit of output generates a unit of emissions, e (∂ej/∂qj = 1).
To manage these emissions, firms install abatement technology. The
level of production is not affected when, in the end, the firm generates
emissions ej.

1

Suppose that a new technology becomes available at the beginning
of period 1, and i firms choose to install this new technology. This
technology allows each of these firms to reduce emissions at a lower
total abatement cost TCj(rj)(j = 1,2, … , i):

TC j r j
� � ¼ c

2
� r2j ¼

c
2
� qj−ej

� �2
ð2Þ

where c is a parameter and rj is the level of emissions reduction.
At this moment, n − i firms still do not intend to adopt the new
technology. For each of them k, the respective total abatement cost
function is given by

TCk rkð Þ ¼ ck
2
� r2k ¼ ck

2
� qk−ekð Þ2 ð3Þ

where ck is the parameter corresponding to each firm, and rk is firms'
level of emissions reduction. We assume that the new technology
allows firms to reduce emissions at a lower total abatement cost,
that is, ck N c for any firm k.

When all the firms are included in the ETS and i firms have adopted
the new technology, firm j (adopters) and firm k (non-adopters) receive
a number of freely allocated tradable permits, εj and εk, respectively,
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under grandfathering or benchmarking. Then, E ¼
Xi
j¼1

ε j þ
Xn
k¼iþ1

εk is the

number of permits available to all firms. Unlike in Song et al. (2018), we
assume that both adopters and non-adopters are not allowed to choose
non-compliance in the permit market. They can only optimize their re-
spective outputs and emissions to fulfil the emissions reduction target.

2.2. Model of technology upgrading

Referring to the dynamic setting in Coria (2009), we propose a
new model of technology upgrading among heterogeneous firms
by taking into account both abatement cost and production capacity.
Firms' differences in abatement cost before and after technology
adoption can directly affect their adoption benefits, and their
production capacity can also determine the final costs for the new
technology.

It is assumed that each firm needs to consider its production
capacity qj, where qj≤qj, when it decides to adopt the same technol-
ogy. k is the investment cost for per unit production capacity,
which is identical among the firms in the beginning. Firm j adopts
the new technology at a cost k � qj at the beginning of period 1.
τj denotes the date of adoption of firm j. Then, we order the
adoption dates for all the firms, such that 0 b τ1 ≤ τ2 ≤ … τj−1 ≤ τj ≤
τj+1 … ≤ τn−1 ≤ τn b ∞.

It is also assumed that when the number of firms adopting the
new technology increases, more firms will enter the market to sup-
ply the new technology. This lowers the adoption costk � qj according

to the function K jðτ jÞ ¼ k � qj � e−ðδþθ jÞτ j , where δ is the intertemporal
discount rate, and θj is used to represent the order effect on the
investment cost of technology. The investment cost Kj decreases
with the number of firms that have already adopted the technology
at the rate θj, where θj exhibits the usual properties: θj N 0, ∂θj/∂j N 0,
∂2θj/∂2j ≤ 0.2

Let π(i)jA be the rate of Cournot-Nash profit flow to firm j, when i
firms have adopted the new technology and firm j belongs to the
fraction that has already adopted. Let π(i)jNA be the rate of Cournot-
Nash profit flow to firm j, when i firms have adopted the new
technology and firm j belongs to the fraction that has not yet
been adopted. Similar to Coria (2009), we assume that π(i)jA and π(i)
j
NA are known with certainty by firms. Then, it can be easily proven
that the sequence of firms' adoption dates 0 b τ1 ≤ τ2 ≤ … τj−1 ≤ τj ≤
τj+1 … ≤ τn−1 ≤ τn b ∞ is a perfect equilibrium in sub-games, when
the four assumptions, which are approximately the same as in Coria
(2009, p. 252), are required.3 However, in consideration of firms'
production capacity, the original assumption (iv) provided in Coria
(2009) should be modified as

�qj

�qj−1
� Δπ j−1 � e θ j−1−θ j½ ��τ j−1− θ j−1−θ j

� � � k � �qj � e −θ j½ ��τ j−1NΔπ jN
�qj

�qjþ1

� Δπ jþ1 � e θ jþ1−θ j½ ��τ�jþ1− θ jþ1−θ j
� � � k � �qj � e− θ j½ ��τ�jþ1 ð4Þ

where Δπj−1 = π(i)j−1
A − π(i)j−1

NA . As indicated in Coria (2009), this
assumption states that the adoption cost decreases with the number
of firms that have already adopted at a (sufficiently and slowly) increas-
ing rate to ensure that firm j's objective function defined in Eq. (5) is
strictly concave in j's choice variable τj.
2 We consider the parameter θi as defined by Coria (2009). Moreover, we assume that
its value does not depend on firms' capacity and the initial investment cost of technology.

3 The proof of this statement is similar to that in Appendix A in Coria (2009: 263–285).
We will not repeat it here.
Then, we provide the present value of firm j's profits, or the
net adoption costs when it adopts the new technology on date τj, char-
acterized as follows:

V j τ1;…; τ j;…; τn
� � ¼Xj−1

i¼0

Z τiþ1

τi
π ið ÞNAj � e−δtdt þ

Xn
i¼ j

Z τiþ1

τi
π ið ÞAj

� e−δtdt−k � qj � e− δþθ jð Þτ j ð5Þ

where τ0 = 0, τn+1 = ∞. Then, the optimal date of adoption
for each firm is found by maximizing Vj via the choice of τj from the in-
terval [τj−1, τj+1]. The corresponding first-order condition is given by

∂V j

∂τ j
¼ πNA

j −πA
j

h i
� e−δτ�i þ δþ θ j

� � � k � qj � e− δþθ jð Þτ�j ¼ 0 ð6Þ

Then, firm j will adopt the new technology at τj∗:

τ�j ¼
1
θ j

δþ θ j
� � � k � qj

πA
j − πNA

j

 !
ð7Þ

With Eq. (7), firms' heterogeneity in both production capacity and
abatement cost directly affects their dates of adoption in the imperfect
market: 1) firms' production capacity can affect their initial cost of
adopting technology. If a firm has a smaller scale of production, qj , it
will bear less initial investment cost than other firms, and the adoption
will also be earlier than in other firms. Then, the sequence order
of adoption can be determined. 2) Firms' abatement cost affects
their benefits from exclusionary manipulation in the permit market.
If a firm can acquire more benefits from exclusionary manipulation,
π(i)jA − π(i − 1)jNA, it will adopt the technology earlier than others
with lower abatement cost. In sum, the firm will upgrade the technol-
ogy earlier if adoptions yield more net benefits for per unit production
capacity, ½πðiÞAj−πði−1ÞNAj �=qj.

2.3. Model of an imperfectly competitive permit market

A dynamic gamemodel is proposed to characterize firms' exclusion-
ary manipulation in the permit market. To calculate and compare the
firms' benefits from technology adoption, we assume that π(i)jA, C is
the rate of Cournot-Nash profit flow to firm j in the perfectly competi-
tive permit market, when i firms have adopted the new technology
and firm j belongs to the fraction that has already adopted; π(i)jNA, C is
the rate of Cournot-Nash profit flow to firm j in the perfectly competi-
tive permit market when i firms have adopted the new technology
and firm j belongs to the fraction that has not yet adopted. Furthermore,
p(i) denotes the equilibrium permit price in the perfectly competitive
permit market. Coria (2009) provides the corresponding first-order
conditions for firms' output and emissions when the permit market is
perfectly competitive.

The strategic interaction among firms is construed as a two-stage
noncooperative cooperative game, as in Flåm and Jourani (2003) and
Godal (2005):

Stage 1: Both adopters and non-adopters partition the cap E
noncooperatively, with total permits remaining constant.

Endowed with the initial permits, all firms want to manipulate the
market to their own advantage, regardless of whether they are adopters
or non-adopters. If thefirm comes forward as a permit buyer, itwants to
push the permit price down. Such a firm does so by bringing more than
εj or εk to the ETS, thereby “flooding” that market. In contrast, if such a
firm acts as a permit seller, it wants to drive the price up and then brings
less than εj or εk to the ETS.
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Therefore, both adopters and non-adopters want to partition
the cap E to noncooperatively determine a new emissions target in
consideration of the abatement cost. The new emissions targets
for adopters and non-adapters are denoted by zj(j = 1,2, … , i) and zk
(k= i+1, i+2, … ,n), respectively. The total of their emissions targets,

zN≔
Xi
j¼1

z j þ
Xn
k¼iþ1

zk , must not exceed the emissions cap E. Therefore,

all firms are considered fully fledged Cournot oligopolists, foreseeing
how their own decision will affect the market permit price.

Stage 2: All the firms join a coalition I to share the compliance costs
in a reasonable manner.

Being engaged in the ETS, the concerned firms are encouraged
to pool their initial allowances and then achieve better outcomes
for everyone (Evstigneev and Flåm, 2001). Therefore, they can join
a coalition to coordinate the abatement targets with each other to re-
duce their compliance costs. This coalition can incur a stand-alone
cost with the aim of distributing prospective savings among its
members (Evstigneev and Flåm, 2001). The corresponding core
solution to this game can be derived, which relates to cost sharing
among firms when their personal valuations of the permit rights
coincide (Flåm, 2016).

Therefore, the trade in permits among firms is construed as a
coalition game. However, at this stage, both adopters and non-
adopters consider zj and zk as their new emissions target, respectively.
Furthermore, we assume that adopters and non-adopters decide
to emit yj and yk, respectively, when they choose zj and zk as
their emissions targets. The respective abatement costs for adopters

and non-adopters are denoted by c j

2 � ðqj−yjÞ2 and ck
2 � ðqk−ykÞ2 .

Then, each firm decides its output qj or qk and emissions yj or
yk such that the total compliance costs of the (grand) coalition Xi

j¼1

c j
2
� ðqj−yjÞ2 þ

Xn
k¼iþ1

ck
2
� ðqk−ykÞ2

!
are minimized, with the

constraint that total emissions

 Xi
j¼1

yj þ
Xn
k¼iþ1

yk

!
do not exceed the

specific cap zN. Adopters' optimization model with respect to
emissions yj is

minq j ;y j

Xi
j¼1

c j
2
� qj−yj

� �2
þ
Xn
k¼iþ1

ck
2
� qk−ykð Þ2; j ¼ 1;2;…; i ð8Þ

Similarly, non-adopters' optimization model with respect to
emissions yk is

minqk ;yk

Xi
j¼1

c j
2
� qj−yj

� �2
þ
Xn
k¼iþ1

ck
2
� qk−ykð Þ2; k ¼ iþ 1ð Þ; iþ 2ð Þ;…;n

ð9Þ

Appendix A presents the solution to the game model and the
conditions for the stability of the coalition to find the optimal solution
to the game.

It is assumed that this is a dynamic game model under complete
information—that is, cost sharing in the coalition game at the second
stage is commonly understood at the first stage in the model.
Furthermore, each firm accounts for how its first stage choice in zj
or zk affects the outcome of the second stage to minimize its total
compliance costs. Let π(i)jA, NC be the rate of Cournot-Nash profit
flow to firm j in the imperfectly competitive permit market when i
firms have adopted the new technology and firm j belongs to the
fraction that has already adopted. Let π(i)kNA, NC be the rate of
Cournot-Nash profit flow to firm j in the perfectly competitive
permit market when i firms have adopted the new technology and
firm k belongs to the fraction that has not yet been adopted. Then,
firm j acts as if solving

maxq j ;z j ;y j
π ið ÞA;NCj ¼ P Qð Þ � qj−

c j
2
� qj−yj þ z j−ε j

� �2
−λ ið Þ

� yj−zj
� �

; j ¼ 1;2;…; i ð10Þ

and the corresponding first-order conditions with respect to (qj,zj,yj)
are given by

a−b � Q−b � qj−cj � qj−yj þ z j−ε j

� �
¼ 0 ð11Þ

λ ið Þ−c j � qj−yj þ z j−ε j

� �� �
� 1−λ ið Þ0 � yj

0
� �

−λ ið Þ0 � yj−z j
� �

¼ 0 ð12Þ

λ ið Þ−c j � qj−yj

� �
¼ 0 ð13Þ

where

yj
0 ¼ dyj

dλ ið Þ ¼ −
1
c j

λ ið Þ0 ¼ ∂λ
∂z j

¼ ∂λ
∂zk

¼ −
1Xi

j¼1

1
c j

þ
Xn
k¼iþ1

1
ck

ð14Þ

Similarly, firm k acts as if solving

maxqk ;zk ;ykπ ið ÞNA;NCk ¼ P Qð Þ � qk−
ck
2
� qk−yk þ zk−εkð Þ2−λ ið Þ

� yk−zkð Þ; k ¼ iþ 1;2;…;n ð15Þ

and the corresponding first-order conditions with respect to (qk,zk,yk)
are given by

a−b � Q−b � qk−ck � qk−yk þ zk−εkð Þ ¼ 0 ð16Þ

λ ið Þ−ck � qk−yk þ zk−εkð Þð Þ � 1−λ ið Þ0 � yk 0
� �

−λ ið Þ0 � yk−zkð Þ ¼ 0 ð17Þ

λ ið Þ−c j � qj−yj

� �
¼ 0 ð18Þ

where

yk
0 ¼ dyk

dλ ið Þ ¼ −
1
ck

λ ið Þ0 ¼ ∂λ
∂z j

¼ ∂λ
∂zk

¼ −
1Xi

j¼1

1
c j

þ
Xn
k¼iþ1

1
ck

ð19Þ

Eqs. (13) and (18) indicate that at the optimum, each firm faces
a marginal abatement cost equal to the permit price λ(i) at the
second stage of the game. However, the firms have strategically
chosen zj or zk rather than εj or εk as their emissions caps, respec-
tively. A firm's strategic choice in zj or zk can make its final marginal
abatement cost deviate from the permit price, as indicated in
Eqs. (12) and (17).

Firm j's adoption benefits in the imperfectly competitive market,
π(i)jA − π(i − 1)jNA, are calculated based on Eqs. (11) and (15), and its
corresponding optimal date to adopt the new technology is determined
based on Eq. (7).
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3. The impact from an imperfectly competitive market

3.1. Proposition on the market structure and firm's decision on technology
adoption

According to Eq. (7), we can compare firms' net benefits from
technology adoption between perfectly and imperfectly competitive
permit markets. Two assumptions are proposed here:

Assumptions

1) All firms in the sector face a downward-sloping inverse demand
function for a homogeneous good;

2) A new technology becomes available in the market that allows firms to
reduce emissions at a lower total abatement cost than before.

Then, Proposition 1 and a corollary are presented:

Proposition 1. The strategic behaviour of asymmetric firms in both the
output and permit markets accelerates the diffusion of new abatement
technology.

Corollary. All firms will adopt the new technology much earlier in an
imperfectly competitive permit market if

(a) Parameter a in the linear-inverse product demand function becomes
much smaller,

(b) Parameter b in the linear-inverse product demand function becomes
much larger, or

(c) Parameter c in the abatement cost function of the new abatement
technology becomes much smaller.

Appendix B provides proof of the proposition and the corollary.

3.2. Decomposition of the incentives for technology adoption among firms

Wedivide firms' adoption benefits into a direct effect and a strategic
effect within the analytical framework in Tirole (1988) and Coria
(2009). With such effects, the intrinsic reasons can be explained as to
why firms' market power in both output and permit markets leads to
the earlier adoption of an abatement technology. Firms' benefits from
the direct and strategic effects are compared in the imperfectly compet-
itive permit market.

Adoption benefits from the direct effect account for the change in costs
when the adopters re-optimize the mix of abatement plus emissions per-
mits but does not account for the effect of adoption on the price of permits
and other firms' choice of output. We assume that the permit price still
equals λ(j − 1) after j's adoption. Then, profits from the direct effect in
an imperfectly competitive market are identified as ΔπjDE, NC:

ΔπDE;NC
j ¼ 1

2
�

1

c j � i−1
c þ ∑

n

k¼iþ1

1
ck

� 	2 −
1

c � i
c þ ∑

n

k¼iþ1

1
ck

� 	2

2
64

3
75

� qj λ j−1ð Þð Þ−ε j þ
i−1
c

þ ∑
n

k¼iþ1

1
ck

� 	
� λ j−1ð Þ


 �2
þ λ j−1ð Þ

�
1

c � i
c
þ
Xn
k¼iþ1

1
ck

 !−
1

c j �
i−1
c

þ
Xn
k¼i

1
ck

 !2
64

3
75

� qj λ j−1ð Þð Þ−ε j þ i−1
c

þ
Xn
k¼iþ1

1
ck

 !
� λ j−1ð Þ

 !
ð20Þ

Adoption benefits from the strategic effect come from the permit
and output markets. On the one hand, the strategic effect from the
permit market results from the influence of the change in permit prices
on the adopter's output and emissions, while other firms' choice of
output is still assumed to equal Q− jðλð j−1ÞÞ. On the other hand, the
strategic effect from the output market results from the impact of the
change in permit prices on the marginal abatement cost and their
output of the adopter's rivals.

We emphasize that it becomesmore complicated to identify the adop-
tion benefits from the strategic effect in an imperfectly competitive mar-
ket: we infer that changes in the number of adopters will lead to changes
in market concentration by comparing the difference from the potential
for abatement amongfirmsbefore and after the adoptionof the new tech-
nology. The permit price does not always decrease when some firms up-
grade the technology if the adopters manipulate the permit price in the
ETS. Therefore, the strategic effect from the output market also does not
always become negative. Then, the profits from the strategic effect in an
imperfectly competitive market are identified as follows:
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Appendices C and D show the detailed derivation process of the
adoption benefits from both the direct effect and the strategic effect,
respectively.

Proposition 2 proposed a comparison of firms' adoption benefits
under both perfect and imperfect markets:

Proposition 2. The firms adopt a new abatement technology earlier in an
imperfectly competitive market for the following reasons:

(a) Each firm's adoption benefits from the direct effect in an
imperfectly competitive market are less than those in a perfectly
competitive market;

(b) Each firm's adoption benefits from the strategic effect in an
imperfectly competitive market are larger than those in a
perfectly competitive market;

Furthermore,

(c) The increase in each firm's adoption benefits from the strategic effect
is larger than needed to compensate for the decline in the adoption
benefits from the direct effect in an imperfectly competitive market.

Therefore, each firm's net benefits from technology adoption in an
imperfectly competitive market are larger than those in a perfectly
competitive market.

Appendix E provides proof of Proposition 2.
The above two propositions have been proven in Appendices A

and E, respectively, in the scenario with two asymmetric firms. We
use one permit buyer and onepermit seller to illustrate firms' behaviour
in the permit market. As it is difficult to directly compare firms' benefits
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from technology adoption as presented in Eqs. (20) and (21), we
provide evidence in the quantitative case study with more than two
heterogeneous firms in Section 4. The effect from the production
capacity diversity is taken into account in the discussions below.

3.3. Calculation of total social welfare

Social welfare is calculated to further analyse firms' strategic behav-
iour in the diffusion of abatement technologies. Given that each firm's
adoption dates vary under the two market structures, social welfare is
calculated as the discounted sum of consumer surplus (CS) plus firms'
profits (exclusive of profits from permit trades)4 minus investment
cost (IC). Unlike Coria (2009), we do not consider the damage from
emissions here because the total emissions cap is constant regardless
of whether the firms act strategically in the permit market. Therefore,
given the demand curve and other key parameters, social welfare is
given by W(i):

W ið Þ ¼ CS ið Þ þ PP ið Þ−IC ið Þ½ � � e−δτi ¼ b
2
� Q2 ið Þ þ

Xn
l¼1

πl−kqie
−θiτi

" #
� e−δτi

ð22Þ

4. Case study

4.1. Data and scenarios

We undertake a quantitative case study of an energy-intensive
sector to analyse the impact of heterogeneousfirms' strategic behaviour
on the diffusion of abatement technologies. Appendix Table F1 shows
the sources or accounting approach for the data on firm-specific emis-
sions intensities and the parameters for the inverse product demand
functions; Appendix Table F2 lists the values of the other key parame-
ters used in our case study.

Our sample consists of six firms in the iron and steel sector in the pi-
lots, except Beijing and Shenzhen: Baoshan Iron & Steel (BG), Chongqing
Iron & Steel (CG), Shaoguan Iron & Steel Group (SG), Tianjin Iron & Steel
Group (TG), Tianjin Tiantie Metallurgical Group (TY), and Wuhan Iron &
Steel (WG). All of these firms are included in the ETS pilots and are in
the list of enterprises participating in the “Top-10,000 Energy-Consuming
Enterprises Program”5 (hereinafter referred to as the “Program”) in the
twelfth five-year plan (FYP) period (2011–2015).

To estimate the parameters for firms' abatement cost functions, we
first define the so-called old and new abatement technologies in our
case study. Because the electric arc furnace (EAF) has been imple-
mented in only a small number of firms (Li and Zhu, 2014), we regard
the entire technological process without and with EAF as an old and
new abatement technology, respectively. We can estimate the parame-
ters for logarithmic marginal abatement cost (MAC) corresponding to
the old and new technology using the data from Li and Zhu (2014).

Furthermore, we estimate the parameters in each sample firm's
abatement cost functions to reflect the difference in the potential for
abatement among them before technology adoption. Specifically, we
first estimate each firm's emissions based on their share of total sectoral
energy saving targets in the Program and the emissions in the iron and
steel sector. The added value of the firms comes from the Chinese indus-
trial enterprise database 2011. Then, we estimate firms' logarithmic
MAC curves using the aggregated approach proposed in Wang et al.
(2018). Furthermore, we choose the linear form to fit the new set of
4 Incomes frompermit transactions are not included because they only represent trans-
fers between the firms and the government (Coria, 2009).

5 The Top-10,000 Energy-Consuming Enterprises Program, put forward in 2011, aims to
cover two-thirds of China's total energy consumption or 15,000 industrial enterprises that
usemore than 10,000 tce per year and approximately 160 large transportation enterprises
and public buildings that usemore than 5000 tce per year. The total number of enterprises
covered by this program reaches approximately 17,000. The target of the Top 10,000 Pro-
gram is an absolute energy-saving target of 250 Mtce by 2015.
“observations” of firms' MAC curves again. The corresponding parame-
ters are also estimated based on the least squares method.

For other key parameters, we should note that, first, the parameters
in the inverse demand function in Eq. (1) are estimated based on the
data on domestic iron and steel price adjusted for inflation to the level
in 2012, and the demand for crude steel products from 2005 to 2010;
second, each sample firm's production capacity is estimated based on
its production in 2010, assuming that capacity utilization reached 75%,
the average rate in the iron and steel sector in China; and finally, the
data on the discount rate and the rate of technology diffusion come
from Worrell et al. (2000) and Coria (2009), respectively.

We assume that all firms receive their initial permits under
grandfathering: they all cut emissions to 10% below the 2010 level.
Furthermore, we do not adjust their initial permits in our case study,
as Coria (2009) does, because, on the one hand, it is not necessary for
us to guarantee that older firms in the sequence receive more permits
before the arrival of new technology, and on the other hand, the initial
permit distribution should be done properly among firms because it
can influence firms' market power in an imperfectly competitive permit
market (Hahn, 1984).

In addition, we set up a total of 9 representative scenarios based on
the sample firms in our case study. These scenarios with different
numbers of firms are adopted to reveal the possible differences in the
permit markets with varying degrees of monopoly. The results can
better demonstrate the effect from the imperfect market on the diffu-
sion of the abatement technologies.6 More specifically, the results
from the scenarios with more than two incumbent firms can help to
confirm the propositions in Section 3. Here, the scenariowith the largest
number of firms is regarded as the Base Scenario.

The Herfindahl-Hirschman Index (HHI) is adopted to reflect the re-
spective degree of monopoly from the perspective of permit buyers
and sellers in each scenario. This index is calculated based on each firm's
market share in a perfectly competitive permit market. Table 1 presents
the corresponding information about all scenarios. We believe that we
have considered the most situations with regard to the degree of mo-
nopoly in the permit market: for example, a firm with the greatest po-
tential for abatement dominates the market in the Base Scenario,
Scenario 5-1, Scenario 4-3 and Scenario 3-2; the potentially largest
permit buyer monopolizes the market in Scenario 4-2, Scenario 4-7
and Scenario 3-8; and the permit buyers have comparable market
power with permit sellers in Scenario 5-2 and Scenario 4-4.
4.2. Results: Base Scenario

4.2.1. Production capacity and the sequence of adoption
Table 2 compares firms' adoption dates with that in consideration of

capacity constraints in the Base Scenario. Without regard to the capacity
constraints, all the firms' investment is assumed to be equal to RMB 22,
9000, the average level of their current expenses related to technology
adoption. The corresponding results without regard to the capacity con-
straints can verify the statement in Coria (2009) that each firm takes its
adoption benefits into account to decide its optimal adoption date.

A firm's production capacity constraints have a significant effect on
the final time path of adoption. The adoption benefits for per unit of
production capacity directly affect each firm's date of adoption. For ex-
ample, the firmWG, subject to the relatively large production capacity,
obtains less benefits per capacity from technology adoption. Thus, it
adopts the new abatement technology later than the firms SG, TG and
TY. Furthermore, firms CG, SG, TG and TY adopt the technology earlier
than that in the Base Scenariowithout regard to the capacity constraints
because they have a relatively lower productivity.
6 Limited by the length of the article, we only present the simulation results from some
representative scenarios. The readers can obtain the overall results from all cases based on
the sample firms from the supplementary data in the Appendix G.



Table 2
Effect of the production capacity on the firms' technology adoption in the Base Scenario.

(a) Without regard to the production capacity

Firms CG WG SG TG TY BG

Perfectly competitive market
Date of adoption 60.71 61.04 61.91 62.45 63.09 66.42
Adoption benefits for per
unit production capacity

0.0237 0.0234 0.0226 0.0222 0.0217 0.0191

Imperfectly competitive market
Date of adoption 60.56 60.87 61.74 62.27 62.88 66.14
Adoption benefits for per
unit production capacity

0.0238 0.0235 0.0228 0.0223 0.0218 0.0193

(b) With regard to the production capacity

Firms CG SG TG TY WG BG

Perfectly competitive market
Date of adoption 26.28 29.75 30.16 33.04 79.62 89.58
Adoption benefits for per
unit production capacity

0.0877 0.0761 0.0743 0.0661 0.0107 0.0072

Imperfectly competitive market
Date of adoption 26.13 29.58 29.98 32.85 79.43 89.31
Adoption benefits for per
unit production capacity

0.0882 0.0766 0.0748 0.0666 0.0108 0.0073

Note: BG-Baoshan Iron & Steel, CG-Chongqing Iron & Steel, SG-Shaoguan Iron & Steel
Group, TG-Tianjin Iron & Steel Group, TY-Tianjin Tiantie Metallurgical Group, WG-
Wuhan Iron & Steel.

Table 1
Scenarios in our simulations.

Scenarios Number of the sample firms Sample firms HHI index of permit sellers HHI index of permit buyers

Base Scenario 6 CG; SG; TG; TY; WG; BG 0.996 0.289
Scenario 5-1 5 CG; SG; TG; WG; BG 1.000 0.288
Scenario 5-2 5 CG; SG; TG; TY; WG 0.607 0.642
Scenario 4-1 4 CG; SG; TG; BG 1.000 0.369
Scenario 4-2 4 CG; SG; TY; WG 0.789 0.671
Scenario 4-3 4 CG; SG; TG; WG 0.518 0.865
Scenario 4-4 4 CG; TG; TY; WG 0.736 1.000
Scenario 3-1 3 CG; SG; TY 1.000 0.702
Scenario 3-2 3 CG; TY; WG 0.890 1.000

Note: BG-Baoshan Iron& Steel, CG-Chongqing Iron& Steel, SG-Shaoguan Iron& Steel Group, TG-Tianjin Iron&Steel Group, TY-Tianjin TiantieMetallurgicalGroup,WG-Wuhan Iron& Steel.
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4.2.2. Market structure and the adoption timing
Table 2 also indicates that firms' heterogeneity in abatement cost

rather than in their production capacity has no effect on their respective
sequence order of technology adoption. Nevertheless, the findings have
also proven the validity of Proposition 1 that all firms adopt the new
technology earlier in an imperfectly competitive permit market, which
is always true regardless of whether the emitters bear the same initial
investment cost.

Furthermore, we decompose the incentives for updating technol-
ogy among the firms in both perfectly and imperfectly competitive
Table 3
Firms' incentives for updating technology in the Base Scenario.

Firms CG SG

Perfectly competitive market
Total effects for per unit production capacity 0.0877 0.0761
Including direct effect 0.0879 0.0764
Strategic effect −0.0002 −0.0004

Imperfectly competitive market
Total effects for per unit production capacity 0.0882 0.0766
Including direct effect 0.0420 0.0631
Strategic effect 0.0461 0.0135

Note: BG-Baoshan Iron& Steel, CG-Chongqing Iron& Steel, SG-Shaoguan Iron& Steel Group, TG-
permit markets in Table 3. The corresponding results confirm
the statement in Proposition 2 that, in the imperfect market, the
changes in firms' adoption benefits lead to the earlier diffusion of
the new technology.

In terms of the direct effect, all firms intend to manipulate the
market to obtain more benefits after the adoption of the technology
and then reduce the supply of the permits to raise the permit price.
Then, the adoption benefits from the direct effect decrease more than
those in a perfectly competitive market.

However, with respect to the strategic effect, the permit price will
decline less because of firms' strategic power, even if more firms
adopt the new technology. Then, the non-adopters will not increase
their output because their marginal abatement cost will also rise.
In the end, the adopters' benefits from the strategic effect exceed
those in a perfectly competitive market. Furthermore, the adoption
benefits from the strategic effect become positive, to the point that
they can more than compensate for the decline in those from the
direct effect.

As a result, greater adoption benefits induce all firms to upgrade
technology earlier in an imperfectly competitive permit market.
4.2.3. Total welfare and the adoption timing
The associated social welfare in perfectly and imperfectly competi-

tive permit markets is identified based on Eq. (22). The corresponding
results in the Base Scenario are presented in Table 4.

There is no significant variation in both consumers' and producers'
benefits. Adopters intend to reduce the supply of permits to drive up
the permit price to fulfil their obligations by only reducing more emis-
sions. However, the non-adopters can only decrease their output to re-
duce their demand for permits to meet the targets. Therefore, the
increase in adopters' output canmore than compensate for the decrease
in the non-adopters' output, which leads to a slight decrease in the out-
put price and therefore a minor increase in the consumer surplus, as
well as an eventual small loss in total firms' profits. At the same time,
whenmore firms adopt the new technology, the gap in both consumers'
and producers' benefits narrows between the two market structures.
This narrowing is because, after technology adoption, firms will have
TG TY WG BG

0.0743 0.0661 0.0107 0.0072
0.0748 0.0666 0.0108 0.0074
−0.0005 −0.0006 −0.0001 −0.0002

0.0748 0.0666 0.0108 0.0073
0.0682 0.0631 0.0104 0.0074
0.0066 0.0034 0.0004 0.0001

Tianjin Iron&Steel Group, TY-Tianjin TiantieMetallurgicalGroup,WG-Wuhan Iron& Steel.



Table 4
Social welfare when the firms upgrade technology in the Base Scenario.

Firms CG SG TG TY WG BG

Perfectly competitive market
Consumer surplus 2355.09 2612.31 2877.66 3149.75 3453.11 3718.0877
Firm's profits 188,992.03 193,995.17 198,893.62 203,676.95 208,760.98 213,012.92
Total investment costs 22,803.39 21,813.22 21,341.71 20,818.92 22,235.59 18,360.65
Discount factor 0.0052 0.0026 0.0024 0.0013 1.21 × 10−7 1.66 × 10−8

Discounted welfare 879.18 455.77 433.03 250.80 0.0231 0.0033

Imperfectly competitive market
Consumer surplus 2355.29 2612.85 2878.46 3150.65 3454.65 3718.0877
Firm's profits 188,991.80 193,994.66 198,892.88 203,676.13 208,759.60 213,012.60
Total investment costs 22,934.40 21,952.06 21,489.20 20,976.23 22,400.33 18,555.26
Discount factor 0.0054 0.0027 0.0025 0.0014 1.26 × 10−7 1.75 × 10−8

Discounted welfare 905.38 470.70 448.35 260.48 0.0239 0.0035

Note: BG-Baoshan Iron& Steel, CG-Chongqing Iron& Steel, SG-Shaoguan Iron& Steel Group, TG-Tianjin Iron& Steel Group, TY-Tianjin TiantieMetallurgical Group,WG-Wuhan Iron& Steel.
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equivalent potential for abatement, which results in less capacity in
manipulating the market.

In addition, the discount factor plays an important role in calculating
total social welfare. In an imperfect market, the present value of the in-
vestment cost of technology adoptionwill increasewhen all firms adopt
a)

b)

Fig. 1. The comparison in adoption benefits for per unit production capacity fromboth the direct
perfectly and imperfectly competitive permit markets.
the technology earlier. Nevertheless, the corresponding discount factor
will also increase at the same time, which leads to an increase in the net
present value of total social welfare. Moreover, the increment in total
welfare resulting from firms' strategic behaviour can be offset when
more firms adopt the new technology.
effect (a) and strategic effect (b) for the last firms in the sequence of adoption between the
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4.3. Results: multiple scenarios

The simulation results in the nine representative scenarios (see
Table 1) indicate that firms' strategic power in both permit and out-
put markets can always accelerate the diffusion of technology. How-
ever, in Fig. 1, the last firm's adoption benefits differ considerably
from one another in these scenarios. Nevertheless, the correspond-
ing benefits from the strategic effect are always larger than needed
to compensate for the decline in those from the direct effect in an im-
perfect market, which provides more incentives for technology
adoption.

Furthermore, in Fig. 2, the firms adopt the new technology much
earlier in Scenario 4-1, Scenario 5-1, and the Base Scenario, where
the HHI value is higher among the allowance sellers (see Table 1).
It can be inferred that the firms will adopt the new technology ear-
lier if the allowance sellers have much stronger market power than
buyers; thus, they can obtain more benefits from exclusionary
manipulation.
4.4. Results: effects from the key parameters in the model

In relation to firms' market power, production capacity and abate-
ment cost can play an important role in technology diffusion. These pa-
rameters include a and b in the linear inverse demand function, c in the
abatement cost function of the new technology, and production capac-
ity qj. Fig. 3 illustrates the impact of parameters a, b and c on the differ-
ences in adoption dates for the last firms in the sequence of adoption
between perfect and imperfect markets.

The changes in parameters a and b represent the change in out-
put demand and then influence firms' decision on both production
and emissions reduction. The results show that our propositions
and the corollary can be confirmed regardless of the number of
firms. In general, the firms will adopt the new technology later
when parameter a becomes larger (shown in Fig. 3a), as it becomes
more difficult for firms to gain more adoption benefits through ma-
nipulation in both the output and permit markets. The firms will
adopt the new technology much earlier if output demand is less
elastic (b becomes larger, as shown in Fig. 3b), as it becomes
Fig. 2. The differences in both adoption date for the lastfirms in the sequence of adoption and th
9 representative scenarios.
much easier for the firms to distort both the output and permit
prices to obtain additional benefits from technology adoption. Fur-
thermore, the effects from these parameters can be more signifi-
cant when the allowance sellers have stronger market power, as
shown in Scenario 4-1, Scenario 5-1, and the Base Scenario.

Parameter c directly reflects the abatement potential of new
technology. Firms will adopt the new technology much earlier
when c declines (shown in Fig. 3c), as they can achieve greater
abatement potential and then exert market power to obtain
greater adoption benefits. Similarly, a more notable effect from
this parameter is identified in Scenario 4-1, Scenario 5-1, and the
Base Scenario.

Firms' production capacity constraints have a significant effect
on the time path of adoption. We calculate the adoption dates of
each sample firm in the Base Scenario, subject to different levels of
the production capacity, as indicated in Table F2. Their correspond-
ing ranking in terms of technology adoption and the effect from the
market structure on adoption dates are presented in Table 5. The
results confirm our statement again that the firms will adopt new
technology earlier if their production capacities are lower than
those of other firms. From the comparison between firms with dif-
ferent abatement costs before technology adoption, it can be seen
that firms will update their technology much earlier in an imper-
fect market if they already have stronger market power as allow-
ance sellers. For example, the sample firm BG can obtain more
benefits from exclusionary manipulation in a permit market when
it upgrades its technology.
5. Conclusion and policy recommendations

In this paper, we have explored the impact of the strategic behaviour
of heterogeneous firms on the diffusion of abatement technology under
an imperfect market structure. More specifically, we improved the
analytical framework in Coria (2009) from two aspects: firms' diver-
sity in production capacity is introduced to reflect firms' heterogeneity;
an integrated two-stage model is proposed to describe firms' exclu-
sionary manipulation in a permit market. Furthermore, firms' adop-
tion benefits are decomposed into direct and strategic effects to
e discountedwelfare between the perfectly and imperfectly competitive permitmarkets in



a)

b)

c)

Fig. 3. Effects of changes in parameters a (a) and b (b) in the linear inverse demand function and parameter c (c) in the abatement cost function of new technology on the difference in the
date for the last firms in the sequence of adoption between perfectly and imperfectly competitive permit markets in 9 representative scenarios.
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Table 5
Effect from the different level of production capacity on the firms' technology adoption in the Base Scenario.

Sample firms Production capacity (Mt) 6.08 6.71 6.73 7.39 48.73 59.33

CG Ranking in terms of technology adoption 1 1 2 3 5 5
The difference of adoption dates between the perfect and imperfect permit markets 0.15 0.15 0.16 0.16 0.18 0.18

WG Ranking in terms of technology adoption 1 2 2 4 5 6
The difference of adoption dates between the perfect and imperfect permit markets 0.16 0.17 0.17 0.18 0.19 0.20

SG Ranking in terms of technology adoption 1 2 2 4 3 5
The difference of adoption dates between the perfect and imperfect permit markets 0.16 0.17 0.17 0.26 0.17 0.18

TG Ranking in terms of technology adoption 1 2 3 4 5 6
The difference of adoption dates between the perfect and imperfect permit markets 0.17 0.17 0.18 0.18 0.19 0.20

TY Ranking in terms of technology adoption 1 3 3 4 5 4
The difference of adoption dates between the perfect and imperfect permit markets 0.18 0.19 0.19 0.19 0.20 0.21

BG Ranking in terms of technology adoption 3 4 4 4 6 6
The difference of adoption dates between the perfect and imperfect permit markets 0.25 0.26 0.26 0.26 0.27 0.27

Note: BG-Baoshan Iron & Steel, CG-Chongqing Iron & Steel, SG-Shaoguan Iron & Steel Group, TG-Tianjin Iron & Steel Group, TY-Tianjin Tiantie Metallurgical Group, WG-
Wuhan Iron & Steel.
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further reveal the relationship between the market structure and
technology diffusion.

With a case study of the iron and steel sector in China, our model
reveals that, to obtain more adoption benefits from the strategic effect,
all firms will upgrade their abatement technology earlier in an imper-
fectly competitive permit market, and the time will be even earlier
when firms have greater abatement potential than other firms before
adoption and when firms can distort both output and permit prices
easier if output demand is less elastic. Firms' production capacity
constraints have a significant effect on the final time path of adoption
among firms.

Our study demonstrates a comprehensive approach to discuss the
relationship between market structure and the diffusion of abatement
technology. It supports thefindings of Schumpeter et al. (1950)with re-
spect to market-based instruments to curb greenhouse gas emissions.
The so-called Schumpeterian hypothesis also identifies the positive
linkages between market concentration and innovative activity.
Furthermore, our results show that social welfare is also improved
when heterogeneous firms adopt the new technology earlier in an
imperfectly competitive market.

The messages delivered from the model and the results can help
policymakers better understand the diffusion of abatement technolo-
gies under an imperfect market structure. The behaviour of firms with
a larger scale of production in the ETS should be considered because
these firms with the potential to obtain market power can be encour-
aged to conduct R&D on abatement technologies to raise the technolog-
ical level of the entire industry.

Our study is not without limitations, and the subject would benefit
from further research. First, the game model can be improved to
characterize firms' market power in the permit market. Second, factors
other than production capacity can be taken into account to model
heterogeneous firms to further investigate the interaction between
firms' heterogeneity and strategic behaviour in technology adoption.
Third, a better data source for the key parameters would help to derive
more precise results in the case study. Finally, other issues related to the
permit market can be integrated to further describe firms' strategic be-
haviour in the permit market, for example, the allocation approaches,
such as auctions, and firms' other behaviour, such as choosing non-
compliance.
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Appendix A. Details of the coalition game model in Section 2.3

In light of the coalition N of all the n firms in the ETS, we first define
its characteristic function as a set-valued function v(N) : P(N) → R. The
value of the function is the minimum for total compliance costs
among the firms when their total initial permits are no more than the
cap, E . Considering that both adopters and non-adopters want to
guarantee the stability of the coalition, we do not distinguish between
them and denote all the firms' variables by subscript l here. The charac-
teristic function of the coalition is given by

v Nð Þ ¼ inf
X
l∈N

cl
2

ql−ylð Þ2
X
l∈N

yl∈
X
l∈N

zl

����� : zN

( )
ðA1Þ

Then we give the solution to assign the compliance costs among the
firms, with at least one vector co= (col)l∈N ∈ Rn, where col denotes the
compliance cost imposed on the firm l, to guarantee the stability of the
coalition. For the coalitional game featuring characteristic function v(N),
we let notions of efficiency and fairness be formalized by core solutions
axiomatized by Peleg (1992). A cost allocation co=(col)l∈N∈ Rn belongs
to the core if it entails

Pareto efficiency :
X
l∈I

col ¼ v Ið Þ ðA2Þ

Stability :
X
l∈S

col≤v Sð Þ for all coalition S⊂I ðA3Þ

where Pareto efficiency means that all the firms jointly obtain the
compliance cost savings in the coalition; otherwise, some firms can
split away and play on their own. All allocation vectors satisfying
Eq. (A2) constitute a non-empty set of costs pre-allocation:

I� vð Þ ¼ co∈Rn
X
l∈N

col ¼ V Nð Þ
�����

( )
ðA4Þ

In order to guarantee the stability of the coalition, the cost allocation
vector co in Eq. (A4) must also satisfy the Stability condition in Eq. (A3):
no single firm or coalition S⊂ N can lower its cost by splitting away and
playing on its own. This property is easily achieved, as indicated in
Evstigneev and Flåm (2001).
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According to Evstigneev and Flåm (2001), we construct a standard
Lagrangian associated with the characteristic function to solve the
adopters' and non-adopters' optimization problem respectively:
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Fk qiþ1;…; qn; yiþ1;…; yn;λ ið Þ� � ¼ Xn
k¼iþ1

ck
2

qk−ykð Þ2 þ λ ið Þ

�
Xi
j¼1

yj þ
Xn
k¼iþ1

yk−
Xi
j¼1

z j−
Xn
k¼iþ1
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0
@

1
A
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where λ(i) is a Lagrange multiplier when i firms have adopted the new
technology. As indicated in Theorem 1 in Evstigneev and Flåm (2001),
λ(i) can be understood as the equilibrium market price for permits in
an imperfectly competitive market. Then the cost allocation for an
adopter and non-adopter—i.e., coj or cok—for the grand coalition I re-
spectively satisfies

co�j ¼ min
q j ;y j

λ ið Þ � yj−z j
� �

þ c j
2
� qj−yj

� �2
 �
ðA7Þ

co�k ¼ min
qk ;yk

λ ið Þ � yk−zkð Þ þ ck
2
� qk−ykð Þ2

n o
ðA8Þ

which satisfies the Pareto efficiency condition indicated in Eq. (A2);
meanwhile the total amount of emissions equals that of the new initial

permits, i.e.,
Xi
j¼1

yj þ
Xn
k¼iþ1

yk ¼
Xi
j¼1

z j þ
Xn
k¼iþ1

zk.

Appendix B. Proof of the Proposition 1 and corresponding corollary
in Section 3.1

τjC∗ and τjNC∗ are the dates of adoption of firm j in a perfectly and im-
perfectly competitive market, respectively. ΔπjC and ΔπjNC are the firm's
adoption benefits in a perfectly and imperfectly competitive market,
respectively. Δτj = τjC∗ − τjNC∗ is the difference between the above two
dates. Therefore, in order to prove our proposition, we only need to
show the difference infirm's adoption benefits between the twomarket
structures deltaj:

delta j ¼ ΔπNC
j −ΔπC

j N0 ðB1Þ

We suppose that the ETS includes only two firms—i.e., Firm 1 and
Firm 2. Each behaves as a permit buyer and a permit seller respectively
in the market. Also, we assume that Firm 2 can reduce emissions at a
lower total abatement cost than Firm 1. Furthermore, a new technology
arrives that has much more potential for abatement. Then their corre-
sponding parameters in the abatement cost function satisfy c b c2 b c1.
Then the linear inverse demand function is simply given by P = a − b ⋅
(q1 + q2) . Let πjC, A(j = 1,2) be the rate of Cournot-Nash profit to firm j
when it adopt the new technology in the perfectly competitive permit
market. Let πjC, NA(j = 1,2) be the rate of Cournot-Nash profit to firm j
when it does not adopt the new technology in the perfectly competitive
permit market. Then the adoption benefits of Firms 1 and 2 are defined
respectively as

ΔC
1 ¼ πC;A

1 −πC;NA
1

� �
ðB2Þ
ΔC
2 ¼ πC;A

2 −πC;NA
2

� �
ðB3Þ

Let πjNC, A(j=1,2) be the rate of Cournot-Nash profit to firm jwhen it
adopt the new technology in the imperfectly competitive permit mar-
ket. Let πjNC, NA(j = 1,2) be the rate of Cournot-Nash profit to firm j
when it does not adopt the new technology in the imperfectly compet-
itive permit market. Then the adoption benefits of Firms 1 and 2 are de-
fined respectively as

ΔNC
1 ¼ πNC;A

1 −πNC;NA
1

� �
ðB4Þ

ΔNC
2 ¼ πNC;A

2 −πNC;NA
2

� �
ðB5Þ

Therefore, we define the difference in Firm 1's and Firm 2's adoption
benefits between perfectly and imperfectly competitive permit markets
respectively as

delta1 ¼

c1−cð Þ � b �
X11
i¼1

bi �
Xiþ2

j¼2

c j � cjþ2
1 � ε1 � ε2þ

X11
i¼1

bi �
Xiþ3

j¼2

c j � cjþ2
1 � ε21 þ a �

X11
i¼1

bi �
Xiþ4

j¼2

c j � cjþ2
1 � ε22

2
666664

3
777775

2 � A2 � B2 � C2 � D2 � ε21
ðB6Þ

delta2 ¼

c2−cð Þ � b � a �
X8
i¼1

bi �
Xiþ2

j¼2

c j � c j−2
2 � ε1 � ε2þ

X8
i¼1

bi �
Xiþ2

j¼1

c j � c j−2
2 � ε21 þ a �

X8
i¼1

bi �
Xiþ1

j¼4

c j � c j−2
2 � ε22

2
666664

3
777775

8 � 2bþ cð Þ2 � 3bþ cð Þ � A2 � C2 � ε22
ðB7Þ

whereA=3 ⋅ b ⋅ c+3 ⋅ b ⋅ c2+2 ⋅ c ⋅ c2,B=3 ⋅ b ⋅ c1+3 ⋅ b ⋅ c2+2 ⋅ c1 ⋅ c2,
C=2 ⋅ b ⋅ c2+6 ⋅ b2 ⋅ c+2 ⋅ b ⋅ c22+6 ⋅ b2 ⋅ c2+ c ⋅ c22+ c2 ⋅ c2+6 ⋅ b ⋅ c ⋅ c2,
D=2 ⋅b ⋅ c12+6 ⋅b2 ⋅ c1+2 ⋅b ⋅ c22+6 ⋅b2 ⋅ c2+ c1 ⋅ c22+ c2 ⋅ c2+6 ⋅b ⋅ c1 ⋅ c2.

It is not difficult to find that delta1 N 0 because all parameters
are positive and c1 N c in Eq. (B6). Similarly, c2 N c and then delta2 N 0.
Therefore adoptions yield more net benefits for both Firms 1 and 2
when they exert market power in the permit market. Both of them adopt
the new technology earlier in an imperfectly competitive permits market.

Furthermore, according to Eqs. (B6) and (B7), it is also easy to show that

∂delta j
∂a

b0; ∀aN0; j ¼ 1;2

∂delta j
∂b

N0; ∀bN0; j ¼ 1;2

∂delta j
∂c

b0; ∀cbc j; j ¼ 1;2

ðB8Þ

Meanwhile, as to the parameters on the boundary of their space,
they satisfy that

∂delta j
∂a a¼0j N0; j ¼ 1;2

∂delta j
∂b b¼0j N0; j ¼ 1;2

∂delta j
∂c c¼cnj b0; j ¼ 1;2;n ¼ max jf g

ðB9Þ

Thus we have proved not only the proposition but also the
corresponding corollary in Section 3.1.
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Appendix C. Calculation of the adapter's adoption benefits from the direct effect in an imperfectly competitive market

Using the first-order conditions for (qj,zj,yj) or (qk,zk,yk)—i.e., Eqs. (11)–(13) and (16)–(18)—we first obtain

1Xi
j¼1

1
c
þ
Xn
k¼iþ1

1
ck

−c
0
BB@

1
CCA � zj−yj

� �
þ

1Xi
j¼1

1
c
þ
Xn
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1
ck
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0
BB@

1
CCA � qj−ε j
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−

1

c �
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j¼1

1
c
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k¼iþ1

1
ck

0
@

1
A

−1
0
BB@

1
CCA � λ jð Þ þ 1Xi

j¼1

1
c
þ
Xn
k¼iþ1

1
ck

� yj−z j
� �

¼ 0 ðC1Þ

which can be rewritten as

yj−z j
� �

¼
1−

1

c �
Xi
j¼1

1
c
þ
Xn
k¼iþ1

1
ck

0
@

1
A

0
BB@

1
CCA � yj−ε j−

λ jð Þ
c

� 	
ðC2Þ

For adopters and non-adopters, we use Yj
A(λ(j− 1)) and Yj

NA(λ(j− 1)) to replace the term on the left side of Eq. (C2) respectively:

YA
j λ j−1ð Þð Þ ¼ yA

j λ j−1ð Þð Þ−zAj ðλ j−1ð Þ

¼
1−

1

iþ c �
Xn
k¼iþ1

1
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 !0
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1
CCA � qj λ j−1ð Þð Þ−ε j−

λ j−1ð Þ
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YNA
j λ j−1ð Þð Þ ¼ yNA

j λ j−1ð Þð Þ−zNAj ðλ j−1ð Þ ¼
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1
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1
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c j
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Then the adopter's adoption benefits from the direct effect in an imperfectly competitive permit market become

ΔπDE;NC
j ¼ c j

2
qj λ j−1ð Þð Þ−YNA

j λ j−1ð Þð Þ−ε j

h i2
−

c
2

qj λ j−1ð Þð Þ−YA
j λ j−1ð Þð Þ−ε j

h i2
þλ j−1ð Þ � YNA

j λ j−1ð Þð Þ−YA
j λ j−1ð Þð Þ

h i
ðC5Þ

where

qj λ j−1ð Þð Þ−YNA
j λ j−1ð Þð Þ−ε j ¼ 1

c j �
i−1
c

þ
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k¼iþ1

1
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They can also be rewritten as

ΔπDE;NC
j ¼ 1
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Appendix D. Calculation of the adopter's adoption benefits from the strategic effect in an imperfectly competitive market

According to the definitions of the strategic effect from the output and permit markets respectively, we first obtain

ΔπSEP;NC
j þ ΔπSEO;NC

j ¼
P Q− j λ j−1ð Þð Þ þ qj λ jð Þð Þ
h i

qj λ jð Þð Þ−
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Using Eqs. (C3) and (C4), we therefore obtain
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Appendix E. Proof of the Proposition 2 in Section 3.2

Still assume that there are two firms—i.e., Firm 1 and Firm 2 included in a permitmarket. As a permit seller, Firm 2 can reduce emissions at a lower
total abatement cost than Firm 1. Moreover, at the beginning of period 1, a new technology arrives that has much more potential for abatement.

LetΔπjDE, C(j=1,2) be the adoption benefits from thedirect effect forfirm j(j=1,2) in a perfectly competitivemarket, and letΔπjDE, NC(j=1,2) be
the adoption benefits from the direct effect for firm j(j = 1,2) in an imperfectly competitive market. Similarly, let ΔπjSE, C(j = 1,2) be the adoption
benefits from the strategic effect for firm j(j = 1,2) in a perfectly competitive market, and let ΔπjSE, NC(j = 1,2) be the adoption benefits from the
strategic effect for firm j(j = 1,2) in an imperfectly competitive market.

Therefore, we identify the adoption benefits from the direct effect and strategic effect for firm j( j= 1,2) in a perfectly competitive market from
Eqs. (26) and (30) in Coria (2009, p. 256), respectively:
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Δπ SE;C
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Furthermore, we write the adoption benefits from the direct effect and strategic effect for firm j(j = 1,2) in an imperfectly competitive market
from Eqs. (20) and (21) in Section 3.2, respectively:
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According to the calculated results in Appendix B, we compute the difference in the adoption benefits from the direct effect in a perfectly and
imperfectly competitive market for firm j(j = 1,2):

ΔπDE;C
1 −ΔπDE;NC

1 ¼

c1−cð Þ �

X6
i¼1

b7−i �
X6−i

j¼1

c j � c j−1
2 � ε21 þ a �

X6
i¼1

bi �
X5−i

j¼4

c j � c j−1
2 � ε22

þ
X6
i¼1

b5−i �
Xi
j¼2

c j � c j−1
2 � ε1 � ε2

2
666664

3
777775

2 � c � cþ c2ð Þ2 � B2 � D2 � ε21
ðE9Þ

ΔπDE;C
2 −ΔπDE;NC

2 ¼

c2−cð Þ � b2 �
X8
i¼1

b11−i �
X7−i

j¼4

c j � c j−1
2 � ε22þ

a �
X8
i¼1

b10−i �
X6−i

j¼1

c j � cj−1
2 � ε21þ

X9
i¼1

b9−i �
X5−i

j¼1

c j � c j−1
2 � ε1 � ε2

2
666664

3
777775

8 � c � 3bcþ 3bc2 þ 2cc2ð Þ2 � 2bc2 þ 6b2cþ 2bc22 þ 6b2c2 þ cc22 þ c2c2 þ 6bcc2
� �2

� ε22
ðE10Þ

and the difference in the adoption benefits from the strategic effect in a perfectly and imperfectly competitive market for firm j(j = 1,2):
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where the meaning of parameters A, B, C and D is the same as indicated in Appendix B.
Since c b c2 b c1, we first find thatΔπjDE, C NΔπjDE, NC andΔπjSE, NC NΔπjSE, Cwhere j=1, 2. Thereby, both the Proposition 2(a) and (b) have been proved.
Furthermore, we define the difference in (ΔπjSE, NC − ΔπjSE, C) and (ΔπjDE, C − ΔπjDE, NC) where j = 1, 2, respectively, as:
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2 −ΔπDE;NC
2

� �

¼
c2−cð Þ � b �

X8
i¼1

b9−i �
X5−i

j¼1

c j � c j−1
2 � ε22 þ a �

X7
i¼1

b8−i �
X4−i

j¼1

c j � cj−1
2 � ε21 þ

X7
i¼1

b7−i �
X4−i

j¼1

c j � c j−1
2 � ε1 � ε2

2
4

3
5

8 � c � 2bþ cð Þ2 � 3bþ cð Þ � 3bcþ 3bc2 þ 2cc2ð Þ2 � 2bc2 þ 6b2cþ 2bc22 þ 6b2c2 þ cc22 þ c2c2 þ 6bcc2
� �2

� ε22

ðE14Þ

Then we can easily find that both Δ1 and Δ2 are positive. Therefore, the Proposition 2(c) has been proved.
Table F1
The sources and accounting approaches for the data used in the simulations.

Variable Source/approach

Data used to estimate the parameters in the firm-specific abatement cost functions
Industrial value added China Statistical Yearbook 2011
Energy consumption in industry China Energy Statistical Yearbook 2011
Industrial emissions Sum of the product of value in energy

consumption at the industrial level and
respective emissions factors corresponding
to each fuel type in IPCC (2006)

Value added at the firm level Chinese industrial enterprises database
(NBSPRC, 2011a,b)

Emissions at the firm level Estimated based on emissions at the industrial
level and energy-saving targets for firms

Data used to estimate the parameters in the inverse product demand functions
Domestic iron and steel prices inflation
adjusted to the level in 2012

China Statistical Yearbook, 2006–2011
China Steel Yearbook, 2006–2011

Demand for crude steel products
(domestic production plus net
imports)

Table F2
The values of the key parameters used in the simulations.

Parameters Values

Parameters in firms' linearmarginal abatement cost functions before technology adoption
Tianjin Iron & Steel Group 576.7
Baoshan Iron & Steel 205.185
Shaoguan Iron & Steel Group 764.6
Chongqing Iron & Steel 3577.55
Wuhan Iron & Steel 2227.45
Tianjin Tiantie Metallurgical Group 449.57
Parameters in firm's linear marginal abatement
cost function after technology adoption

35.481

Parameters in linear inverse demand function
a 906.62
b 0.0956

Table F2 (continued)

Parameters Values

Rate of technology diffusion θi 0.038; 0.0384; 0.0387;
0.0389; 0.039; 0.03905

Discount rate 0.2

Crude steel output of the sample firms in 2010 (Mt)a

Tianjin Iron & Steel Group 5.0512
Baoshan Iron & Steel 44.4951
Shaoguan Iron & Steel Group 5.0355
Chongqing Iron & Steel 4.5597
Wuhan Iron & Steel 36.546
Tianjin Tiantie Metallurgical Group 5.5456

Investment cost in electric arc furnace (EAF) (million RMB)b

Lifting appliance 0.45
Materials-loading equipment 0.5
EAF steel-making process 0.6
Electrical transmission equipment and wiring 0.35
Process pipeline 0.05
Dust removal system 0.65
Heating, ventilation, and air-conditioning system 0.05
Water treatment infrastructure 0.2
Scrapyard and warehouse 0.2
Electrical substation 0.35
Inspection equipment 0.5
Machine repair room 0.05
Air compression station 0.15
Oxygen station 0.9
Main building and auxiliary room 13
Equipment foundation 0.2

a Data on the crude steel output of the sample firms in 2010 comes from statistics on
crude steel output of large and medium-size steel enterprises in December 2010 (http://
info.glinfo.com/11/0124/11/2C1F2C63563A7B37.html).

b Data on the investment costs for electric arc furnaces (EAF) come from the construc-
tion plan of a short process EAF steelmaking plant with annual output of 0.22 million tons
(http://max.book118.com/html/2013/1113/4960252.shtm).

Appendix F. Tables containing the contents of data and parameters
used in case study
Appendix G. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.eneco.2019.03.014.

http://max.book118.com/html/2013/1113/4960252.shtm
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https://doi.org/10.1016/j.eneco.2019.03.014
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