CPRC Discussion Paper Series

Competition Policy Research Center

Japan Fair Trade Commission

Environmental research joint ventures in a Cournot duopoly under emission
taxes and environmental corporate social responsibility with managerial
delegation

Yasunori Ouchida
Professor, School of Economics, Hiroshima University and

Visiting Researcher of the Competition Policy Research Center

Nobuyuki Takashima
Associate Professor, School of Economics, Hiroshima University and

Visiting Researcher of the Competition Policy Research Center

CPDP-96-E September 2024

1-1-1 Kasumigaseki, Chiyoda-ku, Tokyo 100-8987 JAPAN
Phone: +81-3-3581-1848 Fax: +81-3-3581-1945
URL: https://www.jftc.go.jp/en/cprc/index.html (English)
https://www.jftc.go.jp/cprc/index.html (Japanese)
E-mail: cpresec@)jftc.go.jp


https://www.jftc.go.jp/en/cprc/index.html
https://www.jftc.go.jp/cprc/index.html
mailto:cprcsec@jftc.go.jp

The contents of this discussion paper do not represent the views
of the Japan Fair Trade Commission, and the responsibility for

the writing is solely attributable to the authors.




Environmental research joint ventures in a Cournot duopoly
under emission taxes and environmental corporate social

responsibility with managerial delegation
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Abstract
This paper examines both the rule of when environmental research joint venture (ERJV) is socially allowable
and the optimal emission taxation, assuming a situation in which the government imposes a pollution
emission tax on polluting Cournot duopolists whose owners delegate managerial decision-making rights to
managers who adopt environmental CSR (ECSR) behavior. The findings of this paper are threefold. First,
strategic manipulation of the emissions tax rate, which incentivizes each manager to choose ERJV
cooperation, is preferable from the perspective of social welfare. This strategic manipulation contributes to
softening the decline in social welfare. Second, government antitrust authorities should always permit the
ERJV. This policy recommendation is valid even if decision-making on ERJVs by government antitrust
authorities is conducted at the same time as or after decision-making on the emissions tax rate. Third, this
paper provides an economic foundation in support of legislating the disclosure of managerial remuneration

contracts in ECSR firms.
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1. Introduction

As environmental issues have become more serious worldwide in recent decades, environmental
corporate social responsibility (ECSR) has received greater attention. Accordingly, the vast majority of firms
increasingly emphasize the disclosure of ECSR behavior and publish ECSR/sustainability reports. According
to KPMG (2020, p. 10), the rate of public disclosure of sustainability reports began to increase rapidly after
the beginning of the 21st century. Since firms cannot ignore consumers' reputations and the preferences of
their owners (shareholders), including environmental activists, many firms have adapted their ECSR
behaviors.! In other words, adaptation to ECSR is one of the strategies for survival in the market. In addition,
many studies on ECSR have been conducted in the fields of business administration and economics.

One of the traditional features of economics is that analysis is based on the assumption that private firms
are profit maximizers. This assumption is employed by seminal studies by Gersbach and Requate (2004),
Poyago-Theotoky (2007), Montero (2002), Puller (2006), and Requate and Unold (2003) on environmental
innovation and environmental regulation in oligopolistic markets.? These studies have reported important
findings and insightful policy implications. In reality, however, considerably more firms are adopting ECSR.
In addition, it is practically difficult for governments to restrict firms from voluntarily adapting to CSR. Even
if the category of CSR is limited to strategic CSR, a large gap exists between the assumption of profit-
maximizing firms and the reality of an increasing number of firms strategically adapting to ECSR.3 This fact
strongly suggests that economic research should focus on ECSR firms that strategically maximize objective
functions other than profit to obtain higher profits.

In recent years, the delegation models of Fershtman and Judd (1987), Sklivas (1987), and Vickers (1985)
have been applied in theoretical studies of strategic ECSR with environmental R&D investment (Buccella et
al. (2022, 2023), Poyago-Theotoky and Yong (2019), Xing and Lee (2023)).* However, the number of these
studies is inadequate. Previous studies have focused on how a remuneration contract between the owners of
a firm and the manager affects economic welfare. However, when we turn our perspective to the ERJYV,
fundamental questions related to competition policy remain. First, when does a manager with delegated
management rights have a private incentive to form an ERJV? Second, when should ERJV by ECSR firms
be socially allowable? To our knowledge, no answers have been given to any of these research questions.
This indicates that only inadequate basic theoretical research has been conducted to design competition policy
and environmental regulation.

To answer these questions on environmental research joint ventures (ERJVs) from a theoretical
perspective, this paper extends the Cournot duopoly model with ECSR under emission taxes constructed by

Xing and Lee (2023). The extended model of this paper results in two theoretical contributions. The first

! Tomoda and Ouchida (2023) explains a mechanism by which ECSR and non-ECSR firms rise through stock
market adjustments by explicitly incorporating the presence of environmental activists as shareholders in the
model.

2 For other environmental R&D studies, see Buccella et al. (2021), Cabon-Dhersin and Raffin (2024), Chen
et al. (2022), Hattori (2017), Lambertini et al. (2017), Ouchida and Goto (2016a, 2016b, 2022), and others.
3 Crifo and Forget (2015), Kitzmueller and Shimshack (2012), Lyon and Maxwell (2008), and Schmitz and
Schrader (2015) present excellent surveys on CSR and explain strategic CSR. For the categorization of CSR,
see Kitzmueller and Shimshack (2012, Figure 2).

4 For other ECSR studies, see lannucci and Tampieri (2023), Fukuda and Ouchida (2020), Hirose et al. (2020),
Hirose and Matsumura (2022), Lambertini and Tampieri (2015, 2023), Nie et al. (2019), Pal (2012), Villena
and Quinteros (2024), and Wang (2021).
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improves the modeling of spillover effects from environmental R&D investments. Many studies that analyze
environmental R&D investment, such as Poyago-Theotoky (2007) and Chiou and Hu (2001), have applied
the formulation of the spillover effect by d'Aspremont and Jacquemin (1988).3 Unlike those previous studies,
this paper applies the formulation of Macho-Stadler et al. (2021) to avoid the unnatural situation in which
even noninvesting firms can enjoy the technological spillover effects from rival firms. Another contribution
is the development of an extended ECSR model that explicitly incorporates the ERJV into a pure Cournot
duopoly model with ECSR. The new formulation of ERJV in this paper enables us to deepen the debate on
whether ERJV formation by ECSR firms is socially preferable.

The findings of this paper are threefold. First, strategic manipulation of the emissions tax rate, which
incentivizes each manager to choose ERJV cooperation, is preferable from the perspective of social welfare.
Consequently, this strategic manipulation contributes to softening the decline of social welfare. The second
contribution is to competition policy. We present the policy recommendation that government antitrust
authorities should invariably permit ERJV. This policy recommendation is valid even if the decision-making
on ERJVs by government antitrust authorities is made at the same time as or after decision-making on the
emissions tax rate. Third, this paper suggests that information on managers’ remuneration contracts is
necessary to make policy decisions on ERJV between ESCR firms. In other words, this paper provides an
economic foundation for enacting legislation for the disclosure (or observability) of managers’ remuneration
contracts in ECSR firms.

The remainder of this paper is organized as follows. The second section introduces the managerial
delegation model with ECSR under an emission tax policy. The third section provides some preliminary
results. The fourth section examines the private and social superiorities among eight scenarios of
environmental R&D organization, including ERJVs and technological spillover effects. The fifth section
analyzes the conflicts of interest and choices between owners and managers. The sixth section examines
optimal emissions taxation and clarifies the contributions of this paper and policy recommendations. The
final section presents the conclusions. The appendix contains equilibrium outcomes, a brief sketch of the

solution procedures, proofs, and calculation results.

2. Model
To analyze the competition policy for environmental R&D conducted by ECSR firms, this paper

considers an environmental managerial delegation model under a precommitted emission tax.

2.1 Market
The work in this paper considers an industry that consists of two homogeneous firms (i.e., firm i and
firm j) engaged in Cournot competition with the same cost structure and emission-abatement technology. The

utility of a representative consumer is

U(q;, q;,m) = a(q; + q;) — (1/2)(q;+q;)* + m. (1)

3 For other environmental R&D studies that apply the model by d'Aspremont and Jacquemin (1988), see
Chiou and Hu (2001), Ouchida and Goto (2016a, 2016b, 2022), Barcena-Ruiz et al. (2023), Haruna and Goel
(2019), Lambertini and Tampieri (2023), Lambertini et al. (2017), Xing (2017), and Yong et al. (2018).
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Here, the values of g; and q; denote firm i’s and firm j’s outputs, respectively; m signifies the consumption
of a numeraire good; and a(> 0) is the parameter of market size. Utility maximization yields the following

inverse demand function:

p(qnq;) =a—(q:+q;).i,j€{1,2}i#]. 2)

The production of each good generates pollution. The value of each firm’s emissions per unit of output
is assumed to be one.® Suppose that two firms are faced with an emission tax rate t, which is determined by
the government’s environmental authorities. Each firm uses end-of-pipe technology for pollution abatement.”
Firm i’s emission abatement effort is denoted by z;. When firm i’s production level is g;, emission reduction
costs (y/2)z? — 8z;z;, (y > 2,6 € [0,1]) enable firm i to abate emissions from a level of g; to e;(q;, z;) =
q; — z;. For firm i's emission reduction costs, parameter § € [0,1] represents the technological spillover effect
from firm j to firm i. This setting applies the spillover effect formulated by Macho-Stadler et al. (2021). Firm
i receives the cost-reducing effect for its own environmental R&D from the rival firm's pollution-abatement
effort. A positive externality to lower emission reduction costs occurs only when two firms invest in
environmental R&D. This setting differs significantly from the related literature (e.g., Ouchida and Goto
(2016a, 2016b, 2022), Poyago-Theotoky (2007), Strandholm et al. (2018)), which somewhat unnaturally
assumes that a firm can enjoy positive externalities from a rival firm's R&D investment even when it does
not invest in R&D. Moreover, a lower (higher) value of y(> 2) denotes higher (lower) efficiency of the
emission reduction cost.® Firm i’s total cost C;(q;, z;) is additively separable with respect to production costs
cq;, (c > 0) and emission reduction costs: C;(q;,z;) = cq; + (y/2)z? — 8z;z;.

When two firms form an ERJV, they voluntarily and fully share their technological information on
environmental R&D. A feature of ERJVs is perfect spillover (i.e., § = 1). This paper assumes that no fixed
costs for ERJVs are necessary.

Thus, firm i's profit function is given by

m; = {a— (q; + q)}q; — cqi — t{q; — 2} — {(v/2)z} — 6z;2}. (3)

2.2 Environmental damage and the government
Firm i's net emissions e;(q;, z;) depend on both the output and the emission abatement effort. Total

emissions E = Y2, e;(q;,2;) cause environmental damage D(E) = dE, and d(> 0) denotes the damage

6 In general, when the emissions per unit output is eq(> 0), a firm’s emissions are expressed by eyq. In line
with the settings by Fukuda and Ouchida (2020), Poyago-Theotoky (2007), Strandholm et al. (2018, 2023),
Xu et al. (2016) and others, this paper assumes e, = 1 to simplify the analysis.

7 Activated carbon adsorption equipment and flue gas desulfurization equipment are examples of end-of-pipe
technology (Ouchida and Goto (2016b, p.185)). End-of-pipe technology aims to abate emissions by
eliminating them at the end of the production process, although it is not sufficient to reduce the emissions
per unit output. As explained by Ouchida and Goto (2016b, footnote 13), environmental R&D investments in
the quality improvement of the hydrodenitrogenation catalyst and desulfurization catalyst are applicable as
examples of R&D efforts in end-of-pipe technology.

8 The assumption of y > 2 describes the reality that environmental R&D costs are not inexpensive.
Furthermore, that assumption ensure that the sign of environmental R&D effort is positive.
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coefficient.” Government environmental authorities impose an emissions tax rate t(= 0) on the emission
level to mitigate environmental damage. In this paper, the emission tax rate t is assumed to be given.'?
Social welfare SW is defined as the sum of consumer surplus CS = (qi+qj)2/2, producers' profits m; +

7;, and total tax revenues T = tE minus environmental damage D(E): SW = CS +m; + m; + T — D(E).

2.3 Strategic environmental CSR

To develop an ECSR model, we assume that the owners of each firm employ a manager. We also assume
no cross-ownership. Each manager determines environmental R&D formation, environmental R&D efforts,
and the output level on behalf of the owners. In a managerial delegation model, the firm consists of owners
who control the firm and each manager whose decision-making is based on an incentive contract that the
owner designs. Similar to relevant studies (e.g., Fershtman and Judd (1987), Buccella et al. (2022), Poyago-
Theotoky and Yong (2019)), the owners of firm i(= 1,2) offer a publicly observed contract to each manager.

Manager i(= 1,2) receives remuneration R;:
R, =G, +HV;>0,G,>0,H; >0, (4)

where V; > 0 describes the incentive scheme for manager i(= 1,2). Without loss of generality, we assume
G; = 0 and H; = 1 hereafter.
In this work, we assume that the owners of each firm take care of not only its own profit but also

environmental damage. Thus, the objective function of manager i is described by
Vi =T — BLD(E), (5)

where 6;(= 0) represents firm i’s degree of ECSR. A higher value of 8; denotes a greater degree of ECSR.
When 6; = 0, then firm i maximizes only its own profit. Conversely, when 8; > 0, then firm i behaves as an
ESCR firm. The owners of firm i determine the level of 8; required to maximize their own profit ;. This
paper assumes that the government cannot control the level of ECSR. The value of 6; is publicly observed

through the disclosure (or observability) of managers' remuneration contracts.

2.4 The timing of the game

This paper assumes that government environmental authorities have a precommitment ability to the
emission tax rate. Under the given emissions tax rate t, this paper solves the following three-stage game. In
stage 1, the owners of firm i choose the level of 8; to maximize their own profit 7; or joint profits (7; + ;).
In stage 2, manager i chooses one of the following four R&D formations: noncooperative environmental
R&D, cooperative environmental R&D, ERJV competition, or ERJV cooperation. Moreover, manager i
determines the level of emission abatement effort z; to maximize V; or V; +V;. In stage 3, manager i

determines the output level g; to maximize V;.

 As noted by Xing and Lee (2023, footnote 9), it is impossible to derive the explicit equilibrium outcome if
the damage function is quadratic. Thus, we employ a linear damage function. However, the linear damage
function is plausible. From the perspective of environmental epidemiology, the dose-response function can
be interpreted as linear. This paper describes a situation in which the toxicity of pollutions emitted by firms
is not excessively strong.

10 Tn Section 6, we relax this assumption and examine the optimal emissions taxation.
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2.5 Eight scenarios

The owners of each firm choose the ECSR level, whereas the manager of each firm determines the
emission abatement and output levels. To analyze competition policy for the environmental R&D conducted
by ECSR firms, we consider the following eight scenarios (see Table 1): noncooperative ECSR and
noncooperative environmental R&D [Scenario I]; noncooperative ECSR and cooperative environmental
R&D [Scenario II]; noncooperative ECSR and ERJV competition [Scenario II1]; noncooperative ECSR and
ERJV cooperation [Scenario IV]; cooperative ECSR and noncooperative environmental R&D [Scenario V];
cooperative ECSR and cooperative environmental R&D [Scenario VI]; cooperative ECSR and ERJV
competition [Scenario VII]; and cooperative ECSR and ERJV cooperation [Scenario VIII]. We assume that

government antitrust authorities prohibit collusive behavior in the production stage.

Table 1: Eight scenarios

ECSR Environmental R&D Production
Scenario | Competition Competition Competition
Scenario 11 Competition Cooperation Competition
Scenario 111 Competition ERJV competition Competition
Scenario IV Competition ERJV cooperation Competition
Scenario V Cooperation Competition Competition
Scenario VI Cooperation Cooperation Competition
Scenario VII Cooperation ERJV competition Competition
Scenario VIII Cooperation ERJV cooperation Competition

3 Equilibrium outcomes

This section analyzes eight scenarios using backward induction and provides a brief sketch of the
solution procedures. A solution concept is the subgame-perfect Nash equilibrium (SPNE). The procedures
for deriving solutions for scenarios IV, VII, and VIII are explained here for a clearer understanding of the
subsequent sections, whereas explanations for other scenarios are provided in Appendix A. The equilibrium

outcomes are summarized in Tables A1(I)-(VIII) in Appendix B.

3.1 Scenario I'V: Noncooperative ECSR and ERJV cooperation
In this case, both firms form an ERJV and voluntarily and fully share their technological information on
pollution abatement, which is characterized by § = 1.

In stage 3, manager i noncooperatively determines g; to maximize the objective function:

Vi(qi,q;) = m; — 6;D(E)
={A— (g +9}q; — tlq; — 2} — {(v/ 2Dz} — 62,2}} (6)
—0;d{q; — z; + q; — z;}.

Therein, A = a — ¢ > 0. From the corresponding first-order conditions for maximization dV;/dq; = 0 =

dV;/0q;, the equilibrium output levels of the two firms are

A—t —d(26; - 6))
3 )

4:(6:,6)) = ™



A—t —d(26,—-06,)
3 .
Throughout this paper, we assume that A > 5t to ensure a positive value of the equilibrium output

®)

q;(6;,0;) =

level and equilibrium pollution emission (see Part (ii) of Assumption 1 in Section 4). This assumption implies
that demand is large enough. The equilibrium outputs in (7) and (8) depend not on the environmental R&D
effort level but on the ECSR level. Thus, equilibrium output in stage 3 is equivalent to the case in which
decisions in stages 2 and 3 are made at the same time.

In stage 2, manager [ cooperatively determines z; to maximize the summation of two objective

functions:

Vi(zi,z) + Vi(zi, 7)) = {A - (q;(6:,6)) + q;(6:,6,))}q:(6;,0;) — t{q;(6;,6;) — z;}
—{v/2)z} - z:2;} - 0,d{q:(6,,6)) — z; + q;(6,,6;) — z;} ©
+{A — (q;(6:,6;) + q;(6:,6,))}q;(6;,0;) — t{q;(6;,6,) — z}
—{(]//Z)Z]z - ZiZj} - de{ql(el, 91) —Zj + qJ(Bl, 91) - ZJ}
From the corresponding first-order conditions for maximization d(V;(z;,z) +V;(z;,2;))/0z; =0 =

0 (Vi(zi,2)) + Vj(z;,2j))/ 0z, the equilibrium R&D effort levels are obtained as
a6, +6;,) +t

2;(0;,6;) = — (10)
d(0; +6;) +t
2(0;,6,) = % (11)

In stage 1, the owners of firm i noncooperatively choose 6; to maximize its own profit: ni(ei,ej) =
{A - (qi(6;,6)) + q;(6:,0))3q:(6:,6,) — t{q;(6;,6;) — 2;(6;,0))} — {[2:(6;,6,)1* — 2z;(6;,0;)2;(6:,6;)} . The
first-order condition for maximization is derived as dm;/06; < 0. Thus, the equilibrium ECSR levels are

obtained as
6;V=0,6/"=0. (12)

Equation (12) shows that owners do not adopt ECSR under scenario IV. By using (12), other equilibrium

values of the full game are obtained, as shown in Table A1(IV).

3.2 Scenario VII: Cooperative ECSR and ERJV competition
As in Subsection 3.1 (the case of scenario IV), two firms form an ERJV. Then, both firms fully share
technological information on pollution abatement (§ = 1).

In stage 3, manager i noncooperatively determines the output level g; to maximize V;(z;,z;). The
equilibrium output level is identical to that in Subsection 3.1. In stage 2, manager i noncooperatively
determines z; to maximize V;(z;, z;):

Vi(zi, 7)) = {A — (q:(0;,0;) + q;(0;,0,))}q:(0;,0;) — t{q;(6;,6;) — z;}
—{(v/2)z} — 22} — 6,d{q;(6;,6)) — z; + q;(6,6)) — z;}

From the corresponding first-order conditions for maximization dV;(z;,z;)/0z; = 0 = dV;(z;,2;)/0z; ,

(13)

equilibrium R&D effort levels are derived as
v+by-1

7

z;(0;,0;) =

(14)



a@; +vo)+ @+t
r+H -1
In stage 1, the owners of firm i cooperatively determine 8; to maximize the joint profits:
m;(6;,0;) + m;(6;,6)
= {A—(q:(0;,0)) + q;(6:,0;))}q:(6;,0;) — t{q:(0;,0;) — z;(0;,0,)}
—{(r/2)[2;(6:,6)))* — z:(6:,6;)z;(6;,6;)} (16)
+A - (q:(6:,6)) + q;(6:,6,))}q;(6;,0;) — t{q;(6;,6;) — z;(6;,0,)}
—{(r/2)[2(6;,6,))* — z;(6;,0;)2;(6;,6;)}.
The first-order conditions for maximization are a(m(6;,0;) +m;(6;,6;)) /90, =0 =
a(m;(0;,6;) + m;(6;,60;))/06;. Thus, the equilibrium ECSR levels are obtained as
Ay -1 - - +2)t
d4+ @ —-2)@r+9) '
Ay = 1)’ -y =Dy + 2t
di4+ -2y +9)

Table A1(VII) summarizes all equilibrium values of scenario VIL.!!

z;j(0;,6;) =

(15)

oyl =

a7)

(18)

VII _
oy =

3.3 Scenario VIII: Cooperative ECSR and ERJV cooperation
In this case, two firms form an ERJV, and they perfectly share information on pollution abatement
technology (i.e., § =1). In stage 3, manager i noncooperatively chooses g; to maximize V;(z;,z;). The
equilibrium output level is identical to that in Subsection 3.1.
In stage 2, manager [ cooperatively determines the abatement level z; to maximize V;(z;,z;) +
Vi(z;, z)):
Vi(zi,2) + Vi(z1,2)) = {A — (4:(6:,6;) + q;(6:,6)))}q:(6:,6;) — t{q;(6;,6;) — z;}
—{/2)2} - 22} - 6,d{q:(6:,6;) — z; + q;(6,6)) — z;}
+{A - (q:(6;,6)) + q;(6:,6,))}q;(6;,6;) — t{q;(6,6)) — 2}
—{(v/ 2z} — ziz;} — 0;d{q:(6:,6)) — z; + q;(6,,6)) — z;}.
From the corresponding first-order conditions for maximization d(V;(z;,z) +V;(z;,2;))/0z; =0 =
0(Vi(zi,z;) + Vj(z;,2;))/ 0z, equilibrium R&D effort levels are derived as
d;+6;)+t

(19)

7(0,6) = ———L— (20)
d(0; +6;) +t
2(0;,6,) = % 1)

In stage 1, the owners of firm i cooperatively determine the value of 8; to maximize the joint profits:
m;(0;,6;) + m;(6;,0))
={A — (q:(0;,0)) + q;(6;,0,))}q:(6;,0;) — t{q:(0;,0;) — z;(6;,0,)}
—{(r/2)2,(6;,6))]* — 2:(6:,6,)2;(6:,6;)} (22)
+{A - (q;(6:,6)) + q;(6:,6,))}q;(6;,0;) — t{q;(6;,6;) — z;(6;,0,)}
—{(r/2)[2;(6:,0)1* — z;(6;,6,)2,;(6;,6))}.

' Under the assumption of A > 5t, it is straightforward to verify that 8/ > 0.
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The first-order conditions for maximization are a(m(6;,0;) +m;(6;,6;)) /90, =0 =
a(m;(0;,6;) + m;(6;,60;))/06;. Thus, the equilibrium ECSR levels are derived as
Bym — (A - t)(]/ - 2)
L

4d(y +7) ' (@)
_A-9 -2
o = 4d(y +7) @

Other equilibrium values of scenario VIII are listed in Table A1(VIII).

4. Comparison
In this section, we compare the equilibrium outcomes of eight scenarios. From Table A1(I-VIII), we
straightforwardly obtain the following propositions (see Appendices C-K for the proofs and supporting

information).

Proposition 1. Given the same emission tax rate, the ranking of the level of ECSR is 8V > 9V > gV > gVl >
9] — 91] — HIII — HIV =0.

Proposition 1 shows that no firm adopts ECSR under noncooperative ECSR scenarios. Firms only adopt
ECSR if both firms cooperate in the ECSR stage. Proposition 1 is explained as follows. The difference in
firms’ behavior between scenario V and scenario VI is the presence or absence of coordination in
environmental R&D investment. After the owners of each firm have determined the degree of cooperative
ECSR, if environmental R&D cooperation is chosen, the free-riding effect is reduced because the
technological spillover effect is internalized through R&D investment coordination. This leads to a greater
level of R&D investment in the case of environmental R&D cooperation than in the case of noncooperative
R&D, resulting in excessive R&D investment.!? Therefore, when R&D cooperation is chosen at stage 2, the
owners of ESCR firms prefer a smaller ECSR to discourage aggressive environmental R&D investment when
determining the level of ESCR at stage 1.'3 Turning to the spillover effect (&), as the degree of § increases,
the cost of pollution abatement decreases. Furthermore, environmental R&D competition in scenario V
results in fierce R&D investment because the spillover effect is not internalized. Therefore, ECSR levels
increase to encourage greater environmental R&D investment.'* In scenario VI, R&D investment increases
because pollution abatement costs decline gradually as spillover effects increase, but the level of ECSR
decreases to discourage environmental R&D investment.'S Thus, we obtain 8! > 8V and V' > VIl

We clarify the difference between Proposition 1 of Xing and Lee (2023) and Proposition 1 in the present
paper. Xing and Lee (2023) assume that there is no technological spillover effect and show that 8 > V! >
0' = 6" = 0. In contrast, we incorporate the technological spillover effect and ERJV scenarios into their
analytical framework and show that ECSR cooperation under ERJV competition (scenario VII) yields the
highest level of ECSR.

v _ do[y+(y—-28)(y-1)]+6t
(y-26)(v-96)

VI

12 Given the same value of ECSR, 6, we have z > 0.

13 See Xing and Lee (2023, Section 4.1).
14 ai" _ 9[24(y—8)8+(4y%+(9-268)y—2582)]

—Z

a6 d[4y2+y(9-88)+28(26-9)]? > 0.
1500Y _  9(4-0)
ER) 2d(9+y—26)2



In the subsequent comparisons, the results depend on several parameters. Hereinafter, for simplicity,

we make the following assumption:
Assumption 1. (i) y = 3, (ii) 4 > 5t.

Part (i) of Assumption 1 does not essentially affect the validity of the subsequent analysis. Part (ii) of
Assumption 1 ensures a positive value of the equilibrium output level and equilibrium pollution emission in
all scenarios when y = 3. Part (ii) of Assumption 1 implies that demand is large enough.

Under Assumption 1, we have the following proposition.'®

Proposition 2. When the emissions tax rate is low (0 < t < (3/35)A), the environmental R&D effort level
under cooperative ECSR and ERJV competition (i.e., scenario VII) is greater than that under the other seven
scenarios. When the emissions tax rate is high ((3/35)A <t < (1/5)A), the environmental R&D effort level
under cooperative ECSR and ERJV cooperation (i.e., scenario VIII) is greater than that under the other seven

scenarios.

Proposition 2 states that an ERJV under cooperative ECSR yields greater pollution abatement
(environmental R&D levels) than any other scenario does. Xing and Lee (2023, Proposition 2) show that
zV> zV'> zI' = 7! In contrast, this proposition refines the results of Xing and Lee (2023, Proposition 2)
by incorporating the ERJV and the technological spillover effect. The intuitive explanation behind
Proposition 2 is as follows. When the emissions tax rate is low, the incentive for firms to invest in
environmental R&D is relatively small. In scenario VII (ERJV competition under cooperative ECSR),
however, the degree of ECSR and the technological spillover effect increase, whereas environmental R&D
competition intensifies. As a result, scenario VII results in greater emission reduction. Conversely, when the
emissions tax rate is high, the incentive for firms to invest in emission abatement becomes relatively large.
Additionally, the level of environmental R&D investment increases as the technological spillover effect
increases, but when the tax rate is high, the managers of both firms increase their R&D investment (pollution
abatement) under ERJV cooperation.

With respect to the output, the following proposition is obtained.
Proposition 3. Under Assumption 1, ¢' = q¢" = ¢"" = q"V > q¢"" > ¢V' > ¢V = q"" holds.

Proof of Proposition 3 is given in Appendix F. Proposition 3 shows that the output level (consumer
surplus) is greater when the owners of a firm do not adopt ECSR behavior than in the case of ECSR. When
the owners of each firm adopt cooperative ECSR, environmental R&D competition results in lower outputs
than environmental R&D cooperation. The reason for this result is that the level of ECSR determined by
owners increases when R&D investment is noncooperative (Xing and Lee (2023, p.2689)). In fact, the output
ranking derived in Proposition 3 is the opposite of the ranking of ECSR levels obtained in Proposition 1.!”

The following proposition is derived for the amount of pollution.

16 The proof is given in Appendix D. The ranking of environmental R&D effort levels is derived in Appendix
E.
17 Xing and Lee (2023, Proposition 3) show that ¢' = g' > ¢V > ¢V.
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Proposition 4. Under Assumption 1, pollution emissions under cooperative ECSR and ERJV competition (i.e.,
scenario VII) are lower than those under any of the other seven scenarios if § € [0,1). However, pollution
emissions under noncooperative ECSR and noncooperative environmental R&D (i.e., scenario ) are greater

than those under any of the other seven scenarios if § € (0,1).

The proof of Proposition 4 is given in Appendix G. The intuitive explanation behind Proposition 4 is as
follows. First, from Proposition 2, when the emissions tax rate is relatively low, the environmental R&D
effort (emission abatement) under scenario VII is the largest among the eight scenarios. Furthermore, when
the emission tax rate is relatively high, the environmental R&D effort (emission abatement) under scenario
VIII is the largest among the eight scenarios, but the emission abatement under scenario VII is also relatively
large. From Proposition 3, the output in scenario VII is always the smallest among the eight scenarios.
Therefore, when the tax rate is low, the amount of pollution emissions in scenario VII is the smallest among
the eight scenarios. Moreover, even when the tax rate is relatively high, the amount of pollution emissions in
scenario VII is the smallest among the eight scenarios because the output level is sufficiently small. The
background of the scenario with the largest amount of pollution is explained as follows. According to
Appendix E, scenario I yields the smallest environmental R&D effort. Additionally, Proposition 3 shows that
scenarios I and II generate the largest outputs. Therefore, the amount of pollution emissions in scenario I
becomes the largest among the eight scenarios.

Regarding the net profit, we obtain the following proposition.

Proposition 5. Under Assumption 1, each firm’s net profit under cooperative ECSR and ERJV competition

(i.e., scenario VII) is greater than that under any of the other seven scenarios.

Proof of Proposition 5 is provided in Appendix H. Proposition 5 implies that the owners of each firm
always prefer scenario VIL.'® Thus, the owners of each firm invariably choose cooperative ECSR. As shown
in Proposition 3, the output level becomes greater when a noncooperative ECSR is chosen; conversely, the
output level decreases when a cooperative ECSR is chosen. Xing and Lee (2023, p.2689) explain that the key
factor in profit comparison is the decline in output resulting from a higher ECSR and that the decline in
output is an inexpensive way to reduce pollution. This explanation is also valid for this paper. However,
because ERJV and spillover effects are newly incorporated in this paper, their features should be reflected in
our explanation. The formation of an ERJV achieves perfect spillover, which generates a large decrease in
pollution abatement costs. In contrast, in scenario VII, perfect spillover through the ERJV causes fierce
environmental R&D competition, resulting in greater pollution abatement costs. At the same time, another
effect exists. A perfect spillover will significantly increase the ECSR and further increase the environmental
R&D level. These effects result not only in lower production and lower profits but also in significantly lower
tax payments. The large decrease in tax payments in scenario VII contributes to the largest profit among the
eight scenarios. Therefore, the owners of the firm prefer scenario VII.

Regarding the remuneration of managers, we obtain the following proposition.

'8 Xing and Lee (2023, Proposition 4) compare scenarios I-IV and show that 7!'' > 7!V > 7l = 7.
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Proposition 6. When t < (—59 + 3V 745)A/130, the remuneration of managers under noncooperative ECSR
and ERJV cooperation (i.e., scenario IV) is greater than that under any of the other seven scenarios. On the
other hand, when t > (—59 + 3V 745)A/130, the remuneration of managers under cooperative ECSR and

ERJV competition (i.e., scenario VII) is greater than that under any of the other seven scenarios.

The proof of Proposition 6 is given in Appendix I. Proposition 6 implies that the manager of each firm
prefers scenario IV when the emissions tax rate is low, whereas he or she prefers scenario VII when the
emissions tax rate is high. According to Proposition 5, the owners of each firm always choose cooperative
ECSR. This means that when the tax rate is high, the interests of owners and managers are coincident, but
conversely, when the tax rate is low, the interests of owners and managers are in conflict. This paper also
shows that managers always prefer ERJV regardless of the presence or absence of coordination in ECSR and
environmental R&D. The reason why managers prefer scenario IV when the tax rate is low is that net profit
increases because of the greatly expanding output level while also making some environmental R&D
investments in a regulatory circumstance where emission tax payments are smaller. Conversely, the reason
why managers prefer scenario VII when the tax rate is high is that pollution emissions in scenario VII become
the smallest among the eight scenarios because the output is smaller, although environmental R&D is
implemented to some extent. Reducing pollution results in a smaller degree of environmental damage and, at
the same time, significantly lower tax payments. These effects result in greater remuneration for the manager
in scenario VIL.

Proposition 6, as in the analysis by Xing and Lee (2023), indicates that a conflict of interest between
managers and shareholders can occur, whereas Proposition 5 plays a key role in determining which scenario
is realized. From Proposition 5, each manager selects R&D formation among scenarios V-VIII and determines
its own abatement level at stage 2. Section 5 provides further discussion of this topic.

Before proceeding to the discussion in Section 5, we compare the social welfare of the eight scenarios

under a given emissions tax rate. Hereinafter, for simplicity, we make the following assumption:
Assumption 2. A = 100.

Because of Assumptions 1 and 2, we proceed with the analysis under 0 < t < 20. Social welfare under
scenarios I, II, V, and VI is always lower than under the other scenarios regardless of the degrees of
technological spillover, environmental damage, and the emissions tax rate (see Appendix J). Thus, the
scenario that yields the greatest social welfare among the eight scenarios is summarized in the (t,d)-plane
(Figure 1). Figure 1 shows that, given an emissions tax rate t, as the value of d increases, the socially
desirable scenario changes in the order of scenarios III, IV, VIII, and VII. In all four of these scenarios, an
ERJV is formed.
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Figure 1: Socially preferable scenario.

Figure 1 indicates that when the damage parameter d is low enough, ERJV competition/cooperation
under noncooperative ECSR (scenarios III and IV) yields the highest social welfare among the eight
scenarios. Thus, cooperative ECSR is not always socially beneficial. The intuition behind this result can
be explained as follows. An important factor is the degree of environmental damage. Noncooperative
ECSR increases output (consumer surplus) and also increases both the amount of pollution and tax
revenues (tax payments). In addition, full sharing of technological information through the ERJV results
in lower R&D investment costs, which generates an increase in the level of environmental R&D
investment and a decrease in tax payments. As a result, some increase in profit arises. When the damage
coefficient d is small, the sum of consumer surplus, tax revenue, and net profit increases, whereas the
degree of environmental damage is smaller. Therefore, when d is sufficiently small, scenario III is
socially superior because the sum of the surplus from the good market and tax revenues becomes larger,
although the amount of pollution is relatively large. Furthermore, as the degree of d gradually increases,
in scenario 1V, tax revenues decline, while profits from the good market increase and environmental
damage decreases. The effects of increased profits and decreased environmental damage dominate the
effect of decreased tax revenues, which results in a more socially superior scenario I'V than scenario III.

When the damage parameter d becomes greater further, social superiority appears in the case of
cooperative ECSR. From Proposition 3 and Appendix G, cooperative ECSR yields decreasing effects on
production (consumer surplus) and pollution. In addition, when d is large, the diminishing effect of
environmental damage resulting from pollution abatement becomes greater. Therefore, when the degree
of d is large, social superiority lays in the scenario in which environmental damage is smaller. Scenario
VIII results in a smaller summation of consumer surplus, tax revenues, and net profits than scenario IV,
whereas environmental damage is greatly decreased. Consequently, as the damage coefficient d
increases, scenario VIII has social superiority over scenario I'V. As the value of d becomes greater further,
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social superiority appears in scenario VII. The consumer surplus and tax revenues in scenario VII are
the smallest among the eight scenarios. However, among the eight scenarios, scenario VII has the
greatest net profit and the least amount of environmental damage. Small amounts of environmental
damage are the determinant factor in increasing social welfare, resulting in scenario VII having the
highest social welfare among the eight scenarios when d is large enough.

From the results of the social welfare comparisons, we obtain important implications for competition

policy. The implications are summarized in Proposition 7.

Proposition 7. Given an emissions tax rate, antitrust authorities should always allow the formation of an

ERJV regardless of the degree of technological spillover and environmental damage.

The rate of environmental pollution tax is determined at the initiative of the government environmental
authorities of the country.!” However, the guidelines for determining whether RJV is allowable are enacted
by government antitrust authorities.?’ In other words, multiple departments of regulatory decision-making
exist within the government. One feature can be noted here. The emission tax rate does not change very
frequently. Therefore, we can regard as plausible, at least in the short term, a situation in which the
government antitrust authorities decide whether ERJV is allowable with the emission tax rate as a given. Our
game model has important implications for real-world regulatory environments. As Proposition 7 indicates,
when tax rates are given, a strong policy implication is that ERJV should always be allowed regardless of the
degree of environmental damage and technological spillover. However, decision-making on whether the
coordination of environmental R&D effort levels should be allowed depends on the value of the damage
coefficient d.

Next, from the viewpoint of consumers, we investigate the ranking of the net consumer surplus (NCS),
defined as consumer surplus minus environmental damage: NCS = CS — D(E). Each NCS under scenarios I,
II, III, V, and VI is invariably smaller than those under the other scenarios regardless of the degree of
technological spillover and environmental damage (see Appendix K). As a result, the scenario that generates
the greatest NCS among the eight scenarios is summarized in Figure 2. Figure 2 indicates that, given an
emissions tax rate, the greatest NCS changes in the order of scenarios IV, VIII, and VII as the value of d
increases. The intuition for this result is as follows. The key is the degree of d. As shown in Proposition 3,
noncooperative ECSR increases consumer surplus (output). Furthermore, an increase in output results in
greater amounts of pollution. Then, the perfect sharing of technical information through ERJV leads to lower
R&D investment costs, which enhances the degree of environmental R&D effort. Indeed, among scenarios I,
11, 111, and IV, Scenario IV yields the greatest emission abatement (see Appendix E). Furthermore, among the
eight scenarios, scenarios I, II, III, and IV yield the highest consumer surplus (Proposition 3), whereas the
pollution under scenario IV is the lowest among scenarios I, 11, III, and IV (Appendix G). Therefore, when d
is small, the consumer surplus, CS, is much greater than the environmental damage. For this reason, when

the value of d is small, the value of NCS under scenario IV becomes the largest among the eight scenarios.

19 For example, the Environmental Protection Agency in the U.S. and the Ministry of the Environment in
Japan play this role.

20 For example, the Japan Fair Trade Commission and the Australia Competition & Consumer Commission
play this role.
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When d is moderate or relatively large, the value of NCS becomes larger in the case of cooperative
ECSR. As shown in Proposition 3 and Appendix G, cooperative ECSR has a decreasing effect on output (CS)
and pollution emissions. Moreover, when d is large, the effect of reducing environmental damage through
pollution reduction becomes considerably greater. Thus, when the degree of d is moderate or relatively large,
the scenario that generates small environmental damage results in a greater net consumer surplus. Firms’
emission abatement efforts have a significant effect on environmental damage. In fact, Scenarios 7 and 8
yield greater pollution abatements (Appendix E). As shown in Figure 2, when the value of d is moderate or
relatively large, NCS under scenario VIII becomes the largest among the eight scenarios. Then, CS under
scenario VIII becomes smaller than that under scenario IV (see Proposition 3). In contrast, pollution
emissions under scenario VIII are greatly reduced, resulting in considerably less environmental damage.
Therefore, as d increases, scenario VIII results in a larger NCS than does scenario IV. In addition, as the value
of d increases further, scenario VII yields the largest NCS instead of scenario VIII. The consumer surplus
(output) under scenario VII is the smallest among the eight scenarios (Proposition 3). Moreover, the
environmental damage under scenario VII is the smallest among the eight scenarios (Proposition 4). Smaller
amounts of environmental damage are the determining factor of increasing NCS. Consequently, when d is
sufficiently large, Scenario VII yields the greatest NCS among the eight scenarios.

In Figure 2, which represents the scenario yielding the greatest NCS, we should note that the ERJV is
formed in all three of these scenarios. This result complements Proposition 7. That is, Figures 1 and 2 state
that ERJV should always be allowable regardless of whether antitrust authorities adopt net consumer surplus

or social welfare as the welfare criterion.
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Figure 2: Comparison of net consumer surplus.

In industries such as oil refining, chemicals, and steel, firms emit nitrogen oxides (NOx), sulphur oxides
(SOx), and carbon dioxides (CO2). Flue gas desulfurization equipment and denitrification equipment are

examples of emission reducing equipment installed in the plants of such industries. CO2 has a global warming
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effect but does not cause any direct health hazard to the human body. However, SOx and NOx are harmful to
human health (e.g., OECD (2013, pp.26-29)). The value of d expresses how significantly society considers
the environmental damage caused by such pollutants. Thus, the value of d becomes greater if severe health
problems are realized because of the higher content of SOx and NOx in pollution emissions or if the damage
caused by global warming is considerably more severe. The results of this section suggest that the value of
d should be carefully evaluated when designing policies since the preferred scenario varies with the

coefficient of environmental damage.

5. Conflicts of interest and choices between owners and managers

According to Propositions 5 and 6, owners and managers have conflicting interests. The owners of each
firm choose whether they cooperate or compete regarding the decision-making of the degree of ECSR before
stage 1. In contrast, the manager of each firm chooses one R&D formation from among the four alternatives

at stage 2. Table 2 provides the payoff matrix resulting from their choices.

Table 2: Payoff matrix and choices between owners and managers

Manager i
Noncooperative Cooperative ERJV competition ERJV cooperation
environmental R&D environmental R&D P P
Owner i | Noncooperative ECSR (r[l’ Vl) (7TH, VII) (n.lll’ VIII) (HIV, VIV)
Cooperative ECSR (T[V, VV) (HVI, VVI) (T[VII‘ VVII) (nVIII‘ VVIII)

Here, we explicitly set stage 0 before stage 1. We assume that at stage 0, the owners of each firm choose
to cooperate or compete in determining the degree of ECSR. Proposition 5 shows that at stage 0, the owners
of each firm always choose cooperative ECSR, which is the dominant strategy. This finding is consistent with
the results of Xing and Lee (2023). However, our analysis differs from the results of Xing and Lee (2023,
Section 4.2). We find from Proposition 6 that the manager of each firm prefers ERJV cooperation (scenario
IV) when the emissions tax rate is low, whereas he or she does ERJV competition (scenario VII) when the
emissions tax rate is high. Therefore, at stage 2, each manager selects environmental R&D formation from
among scenarios V-VIIL

According to (1.12) and (1.13) in Appendix I, the values of VV and VV! are less than those in the other
scenario. In addition, we have already obtained VV™ > V'V for all t € (0,3(—125 + 92v5)A/1405] and § €
[0,1) and VY > vV for all t € (3(—125 + 92v5)A4/1405,4/5) and § € [0,1) (see Appendix I). Thus, we
have the following result:

Proposition 8. The equilibrium is (r"""!, VVII) if the emissions tax rate t is low. Conversely, the equilibrium

is ("1, VvV if the emissions tax rate t is high.

Consequently, when t < 3(—125 + 92v/5)A/1405, manager i chooses ERJV cooperation at stage 2. On
the other hand, when 3(—125 + 92\/§)A/1405 < t < A/5, manager i chooses ERJV competition at stage 2.
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6. Further discussion: optimal emissions taxation
In this section, on the basis of the discussions in Section 5, we examine the optimal emissions taxation
before stage 0. Here, the stage of the government's pollution emission taxation is referred to as stage G. In
this extended analysis, we consider the timing of the following game:
Stage G: The government environmental authorities determine the emissions tax rate t to maximize
social welfare.
Stage 0: The owners of each firm choose to cooperate or compete in determining the degree of ECSR.
Stage 1: The owners of each firm choose the level of 8; to maximize their own profit 7; or joint profits
(1; + ;).
Stage 2: Manager i chooses one of the following four R&D formations: noncooperative environmental
R&D, cooperative environmental R&D, ERJV competition, or ERJV cooperation. Moreover,
manager I determines the level of emission abatement effort z; to maximize V;.

Stage 3: Manager i determines the output level g; to maximize V;.

6.1 Analysis of Stage G

Section 5 completes the analysis of stage 0. Therefore, in this subsection, we concentrate on the analysis
of stage G. In stage G, the government environmental authorities determine the emissions tax rate t to
maximize social welfare. Hereinafter, to ensure that the equilibrium values of the CSR level, environmental
R&D effort level, output level and pollution level for each scenario are not negative (i.e., in Tables A2(I)-
(VIII) in Appendix L, 8" >0,2">0,4" > 0,6" > 0,(h = LILIILIV,V,VL,VIL, VIII)) ), we establish
Assumption 3.

. 50 125
Assumption 3. 5 < d< -

Assumption 3 indicates that society's evaluation of environmental damage is not too slight and, at the
same time, not too serious. From the first-order conditions for the maximization of social welfare derived in
Tables A1(I)-(VIII) in Appendix B, the optimal emissions tax rate for each scenario is derived as follows.?!
The sufficient conditions for a positive value of the emissions tax rate vary for each scenario (see footnote

22 and Egs. (29)-(32)).2

_ (3d(6—8) —100(3 - 6))(3 - 6)

£l 25
‘ 45 — 300 + 202 ’ (23)
Pl _ 6d(3—96)—100(3 - 26)’ 26)
15 —-46

R 10(3d — 40)
FUI — 27
7 : (27)

R 4(3d — 25)
FV — 28
1 (28)

21 A “hat” means the optimal emissions tax rate obtained as extended equilibrium outcome. The subscript “0”
indicates that optimal emissions tax rate is determined to be 0, and the subscript “P” denotes that the sign of

the optimal emissions tax rate is determined to be positive.
271fd > 50/3,then ' >0, > 0, > 0, and 'V > 0 for all § € [0,1].
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On the basis of these tax rates (25)-(32), the equilibrium values (Expanded SPNE outcomes) for the
other economic variables in each scenario are obtained as shown in Tables A2(I)-(VIII) in Appendix L.

The investigations of social welfare in Section 4 show that under a given tax rate, the values of social
welfare in scenarios I, II, V, and VI are lower than those in the other scenarios (i.e., scenarios 111, IV, VII,
and VIII) (see Figure 1 and Appendix J). Therefore, the government environmental authorities do not actually
impose the optimal emissions tax rates for scenarios I, II, V, and VI at stage G. Furthermore, from
Propositions 5 and 8, if t < t; = 300(—125 + 92\/5)/1405 (= 17.2352) under Assumption 2, then manager
i chooses ERJV cooperation at stage 2. On the other hand, if t; < t < 20, then manager i chooses ERJV
competition at stage 2.

Thus, hereinafter, we concentrate on scenarios VII and VIII.

6.2 Strategic manipulation of the emissions tax rate

We now investigate the relationships among the three tax rates, £y, £y,

tax rates, tlY" and tpl", derived in (31) and (32), and the tax rate tc, which is the critical point at which the

and t¢, focusing on the two

manager chooses ERJV cooperation or ERJV competition. The results of the comparisons are as follows:

gyl = 36471 - pvin _ 200747219) g ) 20 < g < 228 (33)
17 297 3 4
BV < tc(= 300(—125 + 92v/5)/1405) forall =< d <=, (34)
B < ¢ 1f— <d<dg — 4(-12740+20493V5) (39)
4777 ’
BV S ¢ ifd, = 4(-12740+20493+5) <d< (36)

4777

Here, we provide preliminaries for the discussion of social welfare. From Table A2(VII-VIII), we have

1 _on 25
Wl = (910000 — 18200 + 289d%) > Wy = = (3200 — 72d + d?), (37)
PT7
Wy = (910000——18200d-k289d2):> Wyt = (1745-22d) (38)
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for all d € (50/3,125/4). Next, when 50/3 < d < 112/5, we have straightforwardly that t; >y >

tVIl(= ™) = 0. After manipulation, we obtain the following:

8(49331774 — 1077268d + 15419d?)

39
88209 9

WY > WY = 3968 — 40d > WY (EYM) =

forall d € (50/3,112/5]. Here, W[}’“(fg"") is the equilibrium value of social welfare when the government

environmental authorities determine fl‘! i

2.

at stage G and then the manager chooses ERJV cooperation at stage

Moreover, when 1—;2 <d<d;= 4(_1274‘:);270493\/5) (~ 27.7025), then t; > £y > ¥ > 0. The value of

d is defined as d satisfying Wyt = WV (¢t.) (see Figure 3). We define WV'(¢t.) as the equilibrium value
of social welfare when the government environmental authorities set ¢ at stage G and then the manager

chooses ERJV cooperation at stage 2. The value of VT/V"I(tC) is derived as

4(20(2251297 + 527436V/5) + 281(—8645 + 3519V5)d)

DV, Y — (40)
W) 78961
Then, we have
— 2
B S Y > BT < 38992336 — 726152d + 12405d* () 1

9248

for all d € (112/5,d]. Therein, WQ’"I(@’H) is the equilibrium value of social welfare when the government
environmental authorities set £y at stage G and then the manager chooses ERJV competition at stage 2.
Finally, when d¢ < d < 125/4, then £y"' > t. > £51 > 0. Therefore, the value of Wy ! is not realized

because ERJV cooperation is not selected at stage 2. Then, we have
WVI(to) > Wsml(fl\:/u) > Ws/u(flym) (42)

for all d € (d¢,125/4). From these results, we find that the value of VT/Q’"(?IY”I) is always smaller than

WV"I(tC). Furthermore, government environmental authorities invariably have social incentives for setting
£y,

5 4(-12740+20493V5 . o
If ?0< d<dc= ( 47+77 v5) (= 27.7025) , then the government environmental authorities

determine the emissions tax rate £y |

at stage G, and each manager chooses ERJV cooperation because fl‘;”" <
tc. That choice of each manager is consistent with the R&D formation preferred by the government antitrust
authorities, who are social welfare maximizers. However, if dc < d < 125/4, then the manager chooses
ERJV competition because £y ! > tc. That choice of each manager is not consistent with the R&D formation
preferred by the government antitrust authorities. Namely, a conflict of interest occurs between the
government antitrust authorities and the manager. If the managers of the two firms both choose ERJV
competition after the emissions tax rate is determined, then social welfare decreases relative to the case where
ERJV cooperation is chosen by the managers. That is, when d. <d < 125/4, if the government
environmental authorities impose f[Y M the optimality of the taxation is compromised. In other words, the
time-inconsistency problem of taxation arises.

To avoid the time-inconsistency problem of emissions taxation, government environmental authorities
can choose the tax rate £y ! as the second-best tax rate. Here, from (34), we have £y < t¢ forall 50/3 < d <
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125/4. Therefore, if the government environmental authorities impose £y |

ERJV cooperation at stage 2. However, the social welfare WV"I(fIY") is then less than Wy,

at stage G, the manager chooses

When d: < d < 125/4, there is an alternative for the government environmental authorities other than
imposing £y'!. That is, strategic manipulation of the emissions tax rate incentivizes each manager to choose
ERJV cooperation and consequently prevents, as much as possible, the lowering of social welfare. The
taxation is to set the critical tax rate t; and incentivize each manager to choose ERJV cooperation. However,
for such strategic manipulation to be socially justified, it is necessary that WV (t.) > WV (EY!) is satisfied.
Consequently, from (42) and Figure 3, we have WV (¢.) > WY&V for all d € (d¢, 125/4).

Thus, the optimal taxation of government environmental authorities can be summarized as follows. If
50/3 < d < d, the government environmental authorities choose £y ''\; conversely, if dc < d < 125/4, the
government environmental authorities impose t: to make the manager choose ERJV cooperation.
Furthermore, government antitrust authorities should allow ERJV cooperation regardless of the value of the
environmental damage coefficient d. Then, in the market, the owners of each firm exhibit cooperative
behavior at the stage of choosing the degree of ECSR, and the manager selects ERJV cooperation at stage 2.

Thus, the following proposition is obtained.

Social welfare
3500

3400

3300

3200
Wr]YII]

3100 W)
WVIII(EI\)”])

Figure 3: Social welfare

Proposition 9. Suppose that both the government’s environmental and antitrust authorities simultaneously
determine the emissions tax rate and ERJV policy for ECSR firms. If the damage coefficient is not large (i.e.,

d < d;), government environmental authorities should impose t)™

at stage G. Conversely, if the damage
coefficient is large (i.e., d > d;), government environmental authorities should impose t. at stage G. In
addition, government antitrust authorities should allow ERJV cooperation regardless of the value of the

coefficient of environmental damage, d.

Proposition 9 indicates how two government authorities should align their emission taxation and ERJV
policies. Proposition 9 also shows that strategic pollution taxation, which incentivizes each manager to
choose ECSR cooperation, is socially beneficial. This is because if d > d, the government environmental

authorities set the minimum emissions tax rate, tc, such that the manager has a private incentive to choose
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ERJV cooperation. This strategic manipulation not only softens the time inconsistency problem of pollution
taxation but is also one of the theoretical contributions of this paper to environmental R&D studies. In
addition, this paper contributes to competition policy. The analysis in this paper provides a policy
recommendation that the ERJV should be allowed regardless of whether the government antitrust authorities
decide to allow or disallow the ERJV at the same time as or after the emission tax rate is determined. This
policy recommendation is significant in the current oligopoly market, where ECSRs are widespread. Whether
ERJVs should be allowed in oligopolistic markets is one of the most important issues with respect to
competition policy. This paper provides a new policy recommendation from a theoretical perspective for
competition policy for ECSR firms.

This paper provides further suggestions from a different perspective. This paper employs a strategic
delegation model in which the owners delegate management rights to a manager who adopts ESCR behavior.
Importantly, the government's ability to observe managers' remuneration contracts or whether managers'
remuneration contracts are open to the public is an indispensable factor in policy-making. If the disclosure
or observability of managers' remuneration contracts were absent, the argument of this paper would fail.
Currently, there is a growing trend of enforcing disclosure requirements for managers' remuneration.?? In the
United States, the Securities and Exchange Commission (SEC) has mandated the disclosure of detailed
information on executive compensation levels, composition, determining factors, etc. (e.g., see Gipper (2021)
and Murphy (2013)).?* Such detailed disclosure of compensation information is required by the German
Stock Corporation Act, as well as by the SEC.? In contrast, in Japan, disclosure of information on
compensation contracts for executives with total compensation of 100 million yen or more has been required
by the Cabinet Office Order on Disclosure of Corporate Affairs since 2019. This indicates that the level of
regulation in Japan is quite loose and that the Japanese government is reluctant to disclose detailed
information. Relatedly, this paper demonstrates from a theoretical perspective that the disclosure of
remuneration contracts is also necessary for decision-making concerning the emissions tax rate and

environmental R&D policy.

7. Conclusion

In this paper, we consider both the rule of when ERJV is socially allowable and the optimal emission
taxation, assuming a situation in which the government imposes a pollution emission tax on a Cournot
duopoly market consisting of two ECSR firms whose owners delegate managerial decision-making rights to
managers who adopt ECSR behavior. Unlike the R&D spillover assumption used in previous environmental
R&D models, we employ the new model of Macho-Stadler et al. (2021), which overcomes the limitations of

previous studies.

2 For example, see Ciesla et al. (2021).

24 As an example, each director’s compensation of Apple Inc. is disclosed on the proxy statement for
Annual Meeting of Shareholders. For the proxy statement for 2024, see the following website. URL:
https://www.sec.gov/Archives/edgar/data/320193/000130817924000010/laapl2024 defl14a.pdf (Last
accessed: June 23, 2024)

25 As an example, the compensation of Siemens Energy's Executive Board is disclosed on the following
website. URL: https://www.siemens-energy.com/global/en/home/investor-relations/corporate-
governance/executive-board-compensation.html (Last accessed: June 23, 2024)
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As a result, this paper provides three contributions. First, our investigation reveals that strategic
manipulation of the emissions tax rate, which incentivizes managers to choose ECSR cooperation, is effective
in mitigating the decline in social welfare. The second contribution relates to competition policy. The policy
recommendation we derive is that government antitrust authorities should always allow the ERJV. Moreover,
it is valid regardless of the timing of the decision-making of government antitrust authorities on whether
ERJVs should be allowed, that is, whether the decision-making of government antitrust authorities is made
at the same time as or after the emissions tax rate is determined. The third contribution is to clarify that the
assumption of disclosure (or observability) of managers' remuneration contracts should be realized socially.
In other words, the disclosure (or observability) of managers' remuneration contracts should be encouraged.
This strongly suggests that in oligopolistic markets where ECSRs are widespread, designing socially
desirable policies requires not only information on R&D costs and the degree of environmental damage but
also information on firms’ internal contracts.

Two directions for possible extension are as follows. First, a comparison should be made with the case
of price competition in the market. Second, it would be interesting to analyze market competition by

asymmetric ECSR firms. These extensions warrant future research.
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Appendix A:

(1) Scenario I: Noncooperative ECSR and noncooperative environmental R&D
In stage 3, manager i noncooperatively determines q; to maximize the objective function V;(q;, q;). The
analysis of stage 3 is identical to that in Subsection 3.1.

In stage 2, manager i noncooperatively chooses the environmental R&D effort level z; to maximize the

objective function:

Vi(zi, 7)) = {A — (q:(0;,0;) + q;(0;,0,))}q:(0;,0;) — t{q;(6;,6;) — z;}

—((r/2)2? — 2,2} — 6,d(qi(8,,6,) — zi + q,;(6:,6)) — 7;}. .

From the corresponding first-order conditions for maximization dV;(z;,z;)/dz; = 0 = dV;(z;,z;)/0z;, the
equilibrium R&D effort levels of two firms are derived as
d(y0; +66;) + (y + &)t

zi(0;,6;) = TEOr =0 (A.2)
(80, +v0)) + (v + O)t
zj(0;,0;) = EHIED (A.3)

In stage 1, the owners of firm i noncooperatively choose the level of 6; to maximize m;(8;,6;) =
{4 —(4i(6;,6)) + q;(6:,0))}q:(6:,6;) — t{q;:(6:,6;) — z;(6;,0,)} — {[2:(6;,6,)1*> — 52;(6;,0,)2;(6;,0,)} . We
examine the corresponding first-order condition. Then, we have
om; —-dY
26, 9(y + 8)2(y — )
where Y = 0;duy + 0;du, + ps, py = 46% — 1862y — 88%y2 + 9y3 + 4y*, p, = y* - 26%y% + 6* - 963,
Uz = (963 + 8%+ 96%y — 26%y? + y*H)t — A(y? — 6%)%. With respect to the sign of p;(i = 1,2,3), it is
straightforward to verify that y; > 0: u; = 46* — 186%y — 86%y2 + 9y3 + 4y* > 46* — 18y — 8y2 + 9y3 +
4yt = 45* +y(By + D F2—2)>0; uy = y* — 26292 +6* =963 > (2 -62)2-9=> (y2-1)%? -9 >
0 ps = A(y? — 62)2 — (963 + 8* + 982y — 282y2 + 1)t > (4(y2 — 62)% — 983 — 6* — 982y + 282y2 —
YOt = (3(y? —6%?-982(y + 8))t =3(y + 8)((y + 8)(y — 6)> —362)t > 0. Thus, we have Y > 0. This
means that dm;/06; < 0.

(A4)

Therefore, the equilibrium ECSR levels are derived as

6/ =0,6/ =0. (A.5)
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Equation (A.5) shows that owners do not adopt ECSR in the case of noncooperative ECSR and
noncooperative environmental R&D. This result is consistent with the findings of previous studies (Hirose et
al.,2020; Xu et al., 2022; Xing and Lee, 2023). By using (A.5), other equilibrium values of the full game are
obtained, as shown in Table A1(]).

(2) Scenario II: Noncooperative ECSR and cooperative environmental R&D
In stage 3, manager i noncooperatively determines g; to maximize the objective function: V;(z;, z;). The
analysis of stage 3 is identical to that in Subsection 3.1. In stage 2, manager i cooperatively chooses the
environmental R&D effort level z; to maximize the objective function:
Vi(zy, ) + Vj(zi, 7)) = {A — (q:(0;, 6;) + q;(6:,0,))}q:(8;, 6;) — t{q;(6;,6;) — z;}
—{(y/2)zf — 6z;z;} — 0,;d{q;: (6, 6)) — z; + 4;(6,6)) — z;}
+A - (q:(6:,6;) + q;(6:,0))}q,(0;,0,) — t{q;(6,,6;) — z;}
—{(v/2)z} — 62,25} — 6;d{q;(6;,6;) — z; + q;(6;,6;) — z;}.
From the corresponding first-order conditions for maximization 9(V;(z;,z;) + Vj(z;,2))/0z; =0 =
9 (Vi(z;, zj) + Vj(2;, 7))/ 0z, the equilibrium R&D effort levels of two firms are derived as
ao;+6;)+t

(A.6)

(0 6:) = A7

Zl(ellej) ]/—26 ) ( )
d(6; +6;) +t

(0;,0,)= ——— = A8

z;(0;,6;) v =26 (A.8)

In stage 1, the owners of firm i noncooperatively determine 6; to maximize its own profit: m;(8;,6;) =
{A—(qi(6;,6)) + q;(6:,0))3q:(6:,6;) — t{q;(6:,6;) — 2;(6,0,)} — {[2:(6;,6,)1* — 52;(6;,0)2;(6;,0,)} . The
corresponding first-order condition is derived as dm;/d6; < 0. Therefore, the equilibrium ECSR levels are

obtained as
6/'=0,6/"=0. (A.9)

Other equilibrium values of the full game are derived in Table A1(1I).

(3) Scenario III: Noncooperative ECSR and ERJV competition
In this case, both firms form an ERJV and voluntarily and fully share their technological information on
pollution abatement. This circumstance is described by § = 1.

In stage 3, manager i noncooperatively determines q; to maximize V;(z;, z;). The analysis of stage 3 is
identical to that in Subsection 3.1. In stage 2, manager i noncooperatively chooses the environmental R&D
effort level z; to maximize the objective function:

Vi(zi, zj) = {A — (q:(0;,0)) + q;(0;,0/))}q:(6;,6;) — t{q;(0;,6) — z;}

—{(v/2)z} — z;z;} — 6,d{q;(6;,6;) — z; + q,;(6,6)) — z;} (A.10)

From the corresponding first-order conditions for maximization dV;(z;, z;)/9z; = 0 = 0 V;(z;,z;)/0z;, the
equilibrium R&D effort levels are obtained as
dyo;+6;)+ (1 +y)t

S T2 VI

(A.11)
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d;+v6)+ (1 +y)t
r+DLr-1

In stage 1, the owners of firm i noncooperatively determine 8; to maximize its own profit: m; (Hi, Bj) =

{A - (q:(6:,0;) + q;(6;,6,))}q:(6;,6;) — t{q;(6;,6;) — z;(6;,0;,)} — {[2:(6,0))]* — 2;(6;,6,)z;(6;,6;)} . The

corresponding first-order condition is derived as dm;/d6; < 0. Therefore, the equilibrium ECSR levels are

z;j(0;,6;) =

(A.12)

obtained as
6;"=0,6/"=0. (A.13)

Table A1(III) summarizes all the equilibrium values of scenario III.

(4) Scenario V: Cooperative ECSR and noncooperative environmental R&D
In stage 3, manager i noncooperatively determines the output level g; to maximize V;(z;,z;). The
equilibrium output level derived at stage 3 is identical to that in Subsection 3.1. In stage 2, manager i
noncooperatively chooses z; to maximize V;(z;, z;):
Vi(zi,z)) = {A — (q:(0;,0)) + q;(6:,0,))}4:(6;,0;) — t{q;(6;,6;) — z;}
—{(v/2)z} — 822} — 6;d{q;(6,,6)) — z; + q;(6;, 6;) — 7;}.

From the corresponding first-order conditions for maximization dV;(z;,z;)/0dz; = 0 = dV;(z;,z;)/0z;, the

(A.14)

equilibrium R&D effort levels of two firms are derived as
d(0;y +0;6) + (6 +y)t

z;(0;,0;) = IO =0) (A.15)
A8 +0y) + (8 + )t
zj(0,,0;) = EGIEGEE (A.16)

In stage 1, the owners of firm i cooperatively determine the level of ; required to maximize the joint
profits: m;(6;,6;) + m;(6;,0;). From the corresponding first-order condition d(m;(8;,0;) + m;(6;,6;))/96; =
0 =0 (m;(6;,0;) + m;(6;,6;))/08;, the equilibrium ECSR levels are obtained as
(A—-t)(y —86)%+ 96t

vV _
o = d(462 + (y — 26)(4y + 9))’ (A-17)
oV — (A—t)(y — 6)% + 96t (A18)

7T d(46%2 4+ (y — 28)(4y + 9))

Other equilibrium values of scenario V are derived in Table A1(V).

(5) Scenario VI: Cooperative ECSR and cooperative environment R&D
In stage 3, manager i noncooperatively determines q; to maximize V;(z;, z;). The equilibrium output
level obtained at stage 3 is identical to that in Subsection 3.1. In stage 2, manager i cooperatively chooses its

own abatement z; to maximize the summation of two objective functions:

Vi(zi,2)) + Vi(2i, 7)) = {A — (q:(6,,0)) + q;(0;,0,))}q:(0;,0;) — t{q;(6;,6;) — z;}
—{(v/2)z} — 62;2;} — 6,d{q;(6,,6)) — z; + q;(6;,6;) — z;}
+{A — (q;(6:,6;) + q;(6:,6,))}q;(6;,0;) — t{q;(6;,6,) — z}
—{(v/2)z} — 622} — 6;d{q;(6,,6,) — z; + q;(6;,6;) — z;}.

(A.19)

27



From the corresponding first-order conditions for maximization 9(V;(z;,z;) + Vj(z;,2))/0z; =0 =
0(Vi(zi, z;) + Vj(z;,2;))/ 0z, the equilibrium R&D effort levels of two firms are derived as
a6, +6;,) +t

z(0;,6;) = v —26 (A.20)
ae;+6,)+t
Zj(ei, 91) = W (A21)

In stage 1, the owners of firm i cooperatively determine 6; to maximize the joint profits: m;(6;,6;) +

m;(6;,6;) From the corresponding first-order condition d(m;(6;,6;) + m;(6;,6;))/06; =0 =
9 (m(6;,0;) + m;(6;,6;))/00;, the equilibrium ECSR levels are obtained as
(A-t)(y — 29)
OV = = A.22
¢ 4d(y — 26 +9)’ ( )
A—-t)(y—26
w_(A-Dr-28 A

I T 4d(y —26+9)

Other equilibrium values are listed in Table A1(VI).

Appendix B:
Table A1(I): Equilibrium outcome under Scenario I
Noncooperative ECSR and noncooperative environmental R&D
ECSR level 0'=0
Environmental S = t
R&D effort y—6
A—t
Output q' =
3
: . Ay -8 -(-6+3)t
Pollution emission =
3(v = 96)

Profit

' = (¢ + 7' = (/D) + 8

Social welfare

W= 2(gH? + 2n' + 2te' — 2de!

Table A1(II): Equilibrium outcomes under Scenario II

Noncooperative ECSR and cooperative environmental R&D

ECSR level =0
Environmental 2 = t
R&D effort y—26
A—t
Output q"' = 3
Ay—-8)—(y—46+3)t
Pollution emission ell = =9 )
3(y —6)

Profit

7.l.ll — (qll)z + tZ“ _ (y/Z)(Z")Z + 5(2”)2

Social welfare

W =2(q@"? + 2n'l + 2te'l — 2de!
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Table A1(IIl): Equilibrium outcomes under Scenario III

Noncooperative ECSR and ERJV competition

ECSR level 6" =0
Environmental L1 = t
R&D effort y—1
A—t
Output g = 3
—DA-(y+2)t
Pollution emission elll = 54 ) & )
3r -1

Profit

7.l.IlI — (qlll)z + th _ (y/Z)(zm)Z + (ZIII)Z

Social welfare

W[II — Z(qIII)Z + ZTTIH + 2tem _ Zdelll

Table A1(1V): Equilibrium outcome under Scenario IV

Noncooperative ECSR and ERJV cooperation

ECSR level 6V =0
Environmental 7V — t
R&D effort y—2
A—t
Output qV = 3
—2)A-(y+ 1t
Pollution emission elV = 54 ) b )
3(r —2)

Profit

7.l.lV — (qlV)Z + tZlV _ (V/Z)(ZIV)Z + (ZIV)Z

Social welfare

wW=2(q"V)? + 2" + 2te"V — 2de"V

Table A1(V): Equilibrium outcome under Scenario V

Cooperative ECSR and noncooperative environmental R&D

(A—t)(y —6)% +96t

v _
ECSR level 0 = A5t T ( —20) 0 + )
Environmental v _Aly—6)+3@B+y—-06)t
R&D effort T 4824 (y—28)(9+4y)
AG*+(r—28)B+1) - (62 +yB+y) -8B + 2yt
Output q¥V =

462 4+ (y — 26)(9 + 4y)

Pollution emission

AP +y2+Y)—=6(5+2y) - B +y—8)7%t

eV
462+ (y — 26)(9 + 4y)

Profit

m’ =(q")’ +tz' = (v/2)(z")* + 6(z")?

Social welfare

WV =2(q")? +2nV + 2teV — 2deV
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Table A1(VI): Equilibrium outcome under Scenario VI

Cooperative ECSR and cooperative environmental R&D

(y—280)(A-1)
ECSR level v~ s  C
eve 4d(y — 26 + 9)
Environmental vi_ A-y—-28)+2(—-26+9)t
R&D effort 20 =26 +9)(y — 26)
—26+12)(A—t
Output VI = Y% ) )

4(9+7y)—868

Pollution emission

eVl

A0 +y —28)(y —26) — ((y —26)(14 +y — 26) + 36)t
B 409 +y — 28)(y — 26)

Profit

n.VI — (qVI)Z + tZVI _ (y/Z)(ZVI)Z + 5(ZVI)2

Social welfare

WV =2(q"D? + 2V + 2teV! — 2deV!

Table A1(VII): Equilibrium outcomes under Scenario VII

Cooperative ECSR and ERJV competition

A-tHy-1D?+09t

ECSR level oVl =
d(4+ (¥ -2)9+4r)
Environmental VI = Aly-1)+3(2+y)t
R&D effort T 44+ -2)O9+4y)
AW +y -5 — (2 +y—2)t
Output vii _AQ Ty =5 -0 +y-2)

44+ (y—2)O9 + 4y)

Pollution emission

vir _ v+ 2)[A(y — 2) — (y + 2)t]
S CE %)

Profit

Vil = (qVII)Z + tzVlIl _ (V/Z)(ZVH)Z + (ZVII)Z

Social welfare

WVH — Z(qV[I)Z + Zn.VII + ZteVH _ ZdeVII

Table A1(VIII): Equilibrium outcome under Scenario VIII

Cooperative ECSR and ERJV cooperation

ECSR level
eve 4d(y + 7)
Environmental vin . Ay —2)+ (y + 16)¢
R&D effort R R b))
+10)(4A—-t
Output VIl = —(]/ X )

4y +7)

Pollution emission

y+8)({y —2)A— (y?+10y +12)t

e VI — (
4+ —2)

Profit

7.[VIII — (qVIII)Z + tZVHI _ (y/z)(ZVIII)Z + (ZVIII)Z

Social welfare

WVIII — Z(qVIIl)Z + Zn.VIIl + ZteVlIl _ ZdeVIlI
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Appendix C:
Proof of Proposition 1:
From Table A1(I-VIII), we readily obtain

gVl _ VIl _ A -5HA-1) >
2d(7+y)(9-26+y)
91 -8)ABUTr-2)+y)+H@ -2 +y))
d(4y? +y -1y -26) +4(y—-6)» ~
When 6 = 1, then 8V! = 8V and 9V = 9VIL,
Furthermore, we straightforwardly have
_9(AQBy —48)y + (=862 = 3y* +45(9 + 2y))t)

4d(9 — 25 +y)(462+ (¥ — 28)(9 + 4y))
96t

> =0,
d(46%+ (y — 28)(9 + 47))
by using A > t, which is derived by the assumption of A > 5t.
Therefore, we obtain 8V = 6V > gV > gVl > g1 = gl = gl =9IV = 0. m

HV _ HVII —

HV _ HV]

Appendix D:

Proof of Proposition 2:

Under the assumption of A > 5t, we straightforwardly obtain the following results:
_2A(B-6)+5(4—-36)t

vil _ 1
z 25(3 - 0) ’
A—t 2—90
VI _ 1 —
z z 20 +<3—6)t>0'
4(A+5)(1—-46 2(A — 56t
ZVH—ZH= ( )( )+ ( )> )
53(3 — 26)
2A+t)(1—-6)+A -6t
ZVIII_ZII=( +1)( )+ >0,
20(3 —26)
4A + 5t
VIL _ I —
z z 0 >0,
A+9t
VI _ 01 >0
z z >0 ,
2(A —5t)
VI _ IV 0
z z 55 >0,
A—t
VI _ IV _ 0
z z 20 >0,
VIV (1-8)(A(51—86) + 15(33 — 46)t) >0

25(63 — 425 + 462) ="
A(3 =226 +46%) + (837 — 7386 + 765%)t
- 20(63 — 425 + 452) ’
A(69 — 708 + 1662) + 5(111 — 1708 + 2482)¢
- 100(6 — 6)(3 — 28) ’

ZVlll _ ZV

ZVII _ ZVI
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(C.1)

(C.2)

(C.3)

(D.1)

(D.2)

(D.3)

(D.4)

(D.5)

(D.6)

(D.7)

(D.8)

(D.9)

(D.10)

(D.11)



_ (1-8)(AB3 - 28) + (237 -389)1) _

VI _ VI D.12
Tz 20(3 - 26)(6 — 0) =" (D-12)
34 — 35t
VI _ VI _ . D.13
z z 100 ( )
When 0 < § < 1, then zY"' > zV andzV"' > zVI, Furthermore, when 6 = 1, then zV!! = zV and zV!l = zV1,
However, each sign of zVII — zV, zVIl — zVI "and zV!! — zVIIl is indeterminate.

Here, noting the numerators of the right-hand side of equations (D.10-11), we define the following:
—3 4226 — 462

61(9) = 537 = 7385 + 7607 (D19

—69 + 708 — 1662
5(111 — 1708 + 2462)
Then, G;(8) > 0 for all § € [0,1]. Thus, if t/A > (<)G;(1) = 3/35 (i.e., t > (<)(3/35)A), then z' > (<
)z". Furthermore, G,(8) > 0 for all § € [0, (85 — V4561)/24] and G,(5) < 0 for all § € ((85 —V4561)/
24,1]. Thus, if t/A < (>)G,(1) = 3/35 (i.e., t < (>)(3/35)A), then z!! > (<)z"". Finally, from (D.13), if

t < (>)(3/35)4, then zVI' > (<)z"IIL,

Therefore, when 0 < t < (3/35)A4, the environmental R&D effort level under scenario VII is greater
than that under the other seven scenarios; when (3/35)A < t < (1/5)4, the environmental R&D effort level

G,(8) = (D.15)

under scenario VIII is greater than that under the other seven scenarios. m

Appendix E:
The comparison results for two different equilibrium values of Zh(h = [, IL 111, 1V, V, VI, VII, VIII), whose
sign is determined, have already been partially derived in (D.1)-(D.9) and (D.12). Other comparative results

for which the sign has been determined are as follows.

z”—zl=(3_6)éé_26)20, (E.D)
Mgt = % >0, (E2)

W= % >0, (E3)

2i-zl= 3 - fsgl(;(t;(ja_)f): ;r(:(g—tza)) >0, (E4)
z2l-z'= 422_—;) T 262 —6;5 7970 (E:3)
SV il = % >0, (E.6)
oGt s
V=gl = % >0, (E.8)

2V gl = % >0, (E.9)



_ (3-8)(2A4— (9 - 48)0) + 158t

LV _ Sl 0, E.10
2(462 +21(3 - 28)) (.10
(3-28)A—-(G-28t)+126t
VI Zll = >0, E.11
Z =z 4(6—56)(3 — 26) (E.11)
4A + 5t
VI _ 1 >0, E.12
AL =5 (E.12)
A+9t
ZLL I ) g >0, E.13
z z T (E.13)
g 2 2AE0 (E.14)
25
A—t
VI _ IV — >0, E.15
z z T (E.15)
(1 -6)(A(51—86) +15(33 — 46)t)
VI _ V — >0 E.16
ez 25(63 — 426 + 462) = (E.16)
Here, when 6 = 0, then z!"' = z!. Furthermore, when 6 = 1, then z!' = 2!, zIV =zl and zV"" = 2V.
The comparative results for which the sign is indeterminate are as follows.
(1-26)t
m_ I — ] E.17
2T T 2B 220 (E-17)

When 0 < § < 1/2 (6 = 1/2), then z"' > z!'(z!"" = z'). However, when 1/2 < § < 1, then z!"" < z'L,
_A(3— 8) — (467 — 398 + 45)¢
- (462 — 426 + 63)

\ v

Ny (E.18)

3-8

1
m) =z when 0 < t < (1/15)A4, then zV > z'V for all § € [0,1]; when t = (1/15)A4,

Here, because (

then zV = zV. However, when (1/15)A <t < (1/5)A, then (i) z¥ < z" for all § € [0,52°(m)), where
55(m) = {6]A(3 - 8) — (462 — 395 + 45)t = 0,6 € [0,1],t/A < 1/5}; (ii) zV = zIV for § = §2°(m); and
(iii) z¥ > zV for all § € (62°(m),1].

A(3—28)— (862 —586 +51)t
- 4(3—26)(6—0)
When 0 < t < (3/51)A4, then zV! > z!V for all § € [0,1]; when t = (3/51)4, then z' = z'V. However, when
(3/51)A < t < (1/5)A, then (i) zV' < zV for all § € [0,626(m)), where §26(m) = {5]A(3 — 258) — (86% —
586 +51)t =0,5 € [0,1],m = t/A <1/5}; (ii) z¥ = 2V for § = §2°(m); and (iii) zV' > z"V for all § €
(526 (m) 1],

R (E.19)

2V _ VI

3A(3 +28)(3—28) — (27 + 28886 — 15652 + 1653)t
- 4(6 — 6)(3 — 20)(63 — 426 + 452) '
When 0 < t < (3/35)4, then z¥ > zV! for all § € [0,1]; when t = (3/35)A4, then zV = z"!. However, when
(3/35)A < t < (1/5)A, then (i) z¥ > zV! for all § € [0,52°(m)), where §36(m) = {5|3A(3 + 26)(3 — 26) —
(27 + 2886 — 156582 + 166%)t = 0,6 € [0,1],m = t/A < 1/5}; (ii) 2" = zV! for § = §5°(m); and (iii) z¥ <
z" for all § € (65°(m),1].

(E.20)

A(3 =226 +46%) + (837 — 7386 + 765%)t
- 20(63 — 425 + 452) '
When 0 < t < (3/35)A4, then (i) z¥ < zVI" for all § € [0,528(m)), where §28(m) = {§|A(3 — 228 + 462) +
(837 — 7385 + 7662t = 0,8 € [0,1],m = t/A < 1/5}; (ii) z¥ = 2"V for & = §58(m); and (iii) 2V > 2"

ZVIII _ ZV (E.2l)
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for all 6 € (638(m),1]. However, when t = (3/35)4, then zV = zV'; when (3/35)A <t < (1/5)A, then
zV <z for all§ € [0,1].

A(69 — 708 + 1682) + 5(111 — 1708 + 2462t
- 100(6 — 6)(3 — 28) '
When 0 < t < (3/35)A4, then zV'' > z"! for all § € [0,1]; when t = (3/35)A4, then z'"! = zVI. However, when
(3/35)A <t < (1/5)A, then (i) z'"'> zV! for all & € [0,687(m)), where 587 (m) = {5]A(69 — 706 +
166%) +5(111 — 1706 + 246%)t = 0,6 € [0,1],m = t/A < 1/5}; (ii) 2" = zV! for § = §¢7(m); and (iii)
z"" < 2V for all & € (687 (m),1].

VI _ VI (E.22)

34— 35t
VI VIl T (E.23)
When 0 < t < (3/35)A4, then z"!' > zV!I! for all § € [0,1]; when t = (3/35)4, then zV! = zVIl, However,
when (3/35)A <t < (1/5)4, z'' < zV for all § € [0,1].
Based on the results above, we obtain the ranking of the abatement levels under eight scenarios after

some manipulation as follows:

(1) When 0 < t < (7/487)A, then

[[]zY1> 2z > 2V >z > Z2V > 210 s 200 s 2l forall 0 < 6 < 628(m).
[ii] 2V > 2V = 2V > Z2V1 > 2V > 210 S 210 S 21 for § = 528 (m).

[iii] 21 > 2V > zZV > z2V1 > 2V > 20 > 210> 2l for all 658 (m) < 6 < 1/2.
[iv] 2V > 2V > ZVIT > ZVI > Z2V 5 2l = 210 2l for § = 1/2.
v]z'>zV> 2Vl > ZV1 S ZV s 20 s 2l s 2l forall 1/2 < 5 < 1.

[vi] 2" > zV > ZVIT > 2V > ZV = 210 > 2=zl for § = 1.

(2) When t = (7/487)A, then

[i[] 21> 2V > 2V> Z2VT > 2V > 20 s 210 s 2l forall 0 < 6 < 528(m).

[ii] z2Y1 > 2V = 2V > 2V > 2V > 20 = 210 > 2l for § = 528 (m = 7/487) (= 1/2).
[iii] 2V > 2V > ZV > 2V > 2V > 200 s 210 s 2l forall 1/2 < 6 < 1.

[iv] 21 > zV > 2V > ZVI 5 2V = 2l 5 2l = 2l for 6 = 1.

(3) When (7/487)A < t < (3/51)A, then

[(]zM> 2z > 2V > zVT > Z2V > 210 s 20 s Zlforall 0 < 6 < 1/2.

[1{i] 21 >z > 2V > ZVT S Z2V s 2= 210 s 2l for 6 = 1/2.

[iii] 2V > 2V > 2V > Z2V1 > 2V > 210> 210> Zlforall 1/2 < 6 < 638(m).

[iv] 2V > 2z = 2V > ZV1 > Z2V > 210 s 210 S 2l for 6 = 528(m).
[v]zV1>zV > ZVIl > 2V 5 ZV 5 210 s 210 s 21 for all 628(m) < 6 < 1.
[vi] 21 > zV > 2V 5 ZVI 5 ZIV = 2l 5 210 = 7l for § = 1.

(4) When (3/51)A <t < (1/15)A, then
[[]zY1> 2z > 2V > zV > 2V s 210 s 210 s 2l forall 0 < 6 < §26(m).
[ii]zV1 > 2V > 2V > 2V = ZV1 > 210 > 210> 2l for 6 = §26(m).
[iii] 2V > 2V > 2V > Z2V1 > 2V > 210 S 210 2l for all §26(m) < 6 < 1/2.
[iv] 2V > 2V > 2V > ZVT > Z2V > 2l = 210 s 2l for § = 1/2.
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[v]zV >z > Z2V > ZV1 > 2V s 210 s 210 s 2l forall 172 < 8 < 628(m).

[vi] 2V >z = 2V > ZV1 > 2V > 210 s 20 s 21 for § = 528 (m).
[vii] 21 > zV > zZV1 > 2V > z2IV > 210> 210 S 21 for all 658 (m) < 6 <1.
[viii] 21 > zV > zZVIT > VI > 2V =zl 5 210 = 7l for § = 1.

(5) When (1/15)A < t < (1/12)4, then

[(]zY10 > ZVIT > ZIV > 2V s Z2VE s 20 s 210 s 2l forall 0 < 6 < 825 (m).

[ii] 2V >z > 2V =2V > 2V > 20 s 210 s 2l for 6 = §25(m).

[iii] 21 >z > 2V > 2V > 2V > 210 s 210 s 21 for all 625 (m) < 6 < 526(m).
[iv] z2Y1 >z > 2V > ZzV = 2V 5 210 s 210 s 21 for § = 526 (m).

[v]zV1 >z > ZV > ZVI S Z2V 5 2l s 210 2l for all 626(m) < 6 < 1/2.

[vi] 2V >z > 2V > ZVT > zV > 2 = 210 szl for § = 1/2.

[vii] z2Y1' >z > 2V > Z2V1 > 2V > 210> 210> 2l forall 1/2 < k < 638 (m).

[viii] 2V > 2V = ZV > 2V > zV > 210> 210 S 2l for § = 528(m).
[ix] 21 > 2V > ZV > 2V > Z2V > 210 s 210 S 20 for all §28(m) < 6 < 1.
[x] zY1 > zV > VIl > ZV1 > ZV = 210 s 210 = 2l for § = 1.

(6) When t = (1/12)A, then

[(]zY1 >z > 2V > 2V s 2V s 20 s 20 s 2l forall 0 < 6 < 625(m = 1/12).

[ii] 2V >z > 2V = 2zV > 2V > 20 S 210 s 2l for § = 525 (m = 1/12).

[iii] 21 >z > 2V > 2V > 2V > 210 S 210 S 2l for all 625 (m = 1/12) < 8 < §2°(m = 1/12).
[iv] zZY1 >z > 2V > 2V = 2V 5 210 = 210 > 21 for§ = §26(m = 1/12) = 1/2.

[v]zV > zVI > Z2V >z > Z2V s 210 s 20 s 2l forall 1/2 < 8 < 628(m = 1/12).

[vi] 21 >z = 2V > zV1 > 2V > 210 210 > 2l for 6 = 628(m = 1/12).

[vii] z2Y1' > 2V > Z > Z2V1 > 2V > 20 s 20 s 2l forall §28(m = 1/12) < 6 < 1.

[viii] 2/ > 2V > ZVI > ZVI > ZIV =zl 5 210 = Zl for § = 1.

(7) When (1/12)A < t < (3/35)A, then

[i(]zY1 >z > ZzV > 2V s 2V S 210 s 20 s 2l forall 0 < 6 < §25(m).

[ii] 21 >z > ZV = zV > 2V > 210 S 210> 2l for 6 = §25(m).

[iii] 2V > 2V > 2V > 2V > 2V > 2100 S 210> 2l for all §25(m) < 6 < 1/2.
[iv] z2Y1 >z > 2V > ZzV > 2V s 210 = 210 S 21 fors = 1/2.

[v]zV1 >zl > 2V > 2V > 2V s 210 s 210 2l forall 1/2 < 8 < 626(m).

[vi] 2V > zV > 2V > zV = z2V1 > 210 s 210 s 2l for 6 = 626 (m).

[vii] 21 >z > zV > ZVI > Z2V > 210 S 210 S 2l for all §26(m) < § < 628(m).

[viii] 2/ > 2V = 2V > zZV1 > zIV > 210 > 210 > 21 for § = 658 (m).
[ix] zZY1' > zV > 2V > 2V > ZV 5 210 s 210 s 21 for all §28(m) < 6 < 1.
[x] zV1 > zV > ZVIT > ZVT > 2V = 2105 2l =zl for § = 1.

(8) When t = (3/35)A4, then
[z =21 > 2V > 2V >z > 20> 200> Zlforall 0 < § < 525(m = 3/35) (= (41 — V1321)/12).
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lii] 2V = 2" > 2V =2V > 2V > 2 > 210> 2 for § = §25(m = 3/35) (= (41 — V1321)/12).

liii] 2 =z > 2V > 2V > ZV1 > 20 > 210> 7l for all §25(m = 3/35)(= (41 —V1321)/12) < § < 1/2.
[iv] 2V =2Vl > 2V > 2V > ZVE S 2l =210 S 2l for 6 = 1/2.

]z =2z"> 2V > 2V > 2V > 210> 20 S 2l forall 1/2 < 6 < §2(m = 3/35)(= (13 —V97)/6).

vi] zW =2Vl > 2V > 2V =z > 210> 210> 71 for 6 = §26(m = 3/35)(= (13 —V97)/6).

vii] 2V =z > 2V > ZV1 > 2V > 210> 210> 2 for all §26(m = 3/35)(= (13 —V97)/6) <6 < 1.

viii] 2 = 2V = z2V = z2V1 > zZV =zl >zl = zl for § = 1.

(9) When (3/35)A <t < (5/53)A, then

[(]zY1 > ZVIT > ZzV > 2V > 2V s 210 s 20 s 2l forall 0 < 6 < 625(m).

[ii] 2V >z > 2V =2V > 2V > 20 S 210 s 2l for § = 5§25 (m).

[iii] 2/ >z > 2V > 2V > ZVI > 20 S 210 s 2l for all 65 (m) < 6 < 1/2.
[iv]z" > ZzVT > ZV > 2V 5 ZVE s 2= 210 S 2l fors = 1/2.

[v]zZV >z > 2V > z2V > 2V s 210 s 210 s 2l forall 1/2 < 6 < 626(m).

[vi] 2/ >z > 2V > zIV = 2V > 210> 210 S 21 for all § = 626 (m).

[vii] 2V >z > 2V > ZVT > 2V > 210 S 210 s 2 for all 626(m) < 6 < 526(m).
[viii] 2/ > zV1T' > zV = z2VI > zIV >zl > 20 S 2l for § = 629(m).

[ix] zV >z > ZV1 > 72V > 2V > 210 s 210 s 21 for all §56(m) < 6 < 887 (m).
[x] zZVM >zl = ZV1 > 2V > 2V > 20 S 210 S 21 for § = 557 (m).

[xi] zV1 >z > ZVIT > 2V > z2V > 210 S 210 s 2l forall 627(m) < 6 < 1.

[xii] z2YM >z > ZVT > 2V > zZV = 210 > 20 =zl for § = 1.

(10) When t = (5/53)A, then

[[]zM> 2z > 2V > 2V > 2V > 20> 20 s Zlforall 0 < 6 < 1/2.

[ii] 2V >z > 2V =2V > 2V > 2 = 210 s 2l for § = 1/2(= 623 (m = 5/53)).

[iii] 2/ >z > 2V > 2V > 2V > 210> 210 > 2l forall 1/2 < 8 < 626(m = 5/53).

[iv] z2Y >z > 2V > zV = ZVI S 210> 210 s 2l for § = §46(m = 5/53).

[v]zZV > ZVIE > 2V > Z2V1 > ZzV 5 210 s 20 S 21 for all §26(m = 5/53) < 8 < 62°(m = 5/53).
[vi] 2V >z > z2V = z2V1 > zV > 20 S 210 S 2l for § = §26(m = 5/53).

[vii] 21 > 2V > zV1 > 2V > 2V > 210 > 210 > Zlfor all §20(m) < 6 < 8§87 (m = 5/53).

[viii] 2/ > 2V = ZVI > 2V > 2V > 210> 210 > 2l for 6 = 627 (m = 5/53).

[ix] 2V >z > ZVIE > 2V > 2V > 210 S 210 s 2l forall 627(m) < 6 < 1.

[x] z/M > zZV1 > ZV > 2V > z2V = 210 > 2 = 2l for 6 = 1.

(11) When (5/53)A < t < (1/8)A, then

[(]zYM > ZzVIT > 2V > 2V > 2V S 20 S 20 s Zlforall 0 < 6 < 1/2.

[1i] 2V >z > Z2V > 2V > 2V > 2 = 210> 2l for 6 = 1/2.

[iii] 2V >z > 2V > 2V > 2V > 210> 210> Zlforall 1/2 < 6 < 625(m).
[iv] 2V > ZVIE > ZV = 2V > 2V > 210 s 210 S 2l for 6 = 525(m).

[v]zVM > ZVIT > Z2V > zV > 2V S 210 s 210 s 21 for all 525 (m) < 6 < 626(m).
[vi] 2V >z > ZV > z2V = 2V > 210 s 210 s 2l for 6 = 626 (m).
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[vii] 2V >z > zV > ZVI > Z2V > 20 S 210 S 2l for all §26(m) < § < 636(m).
[viii] 2V > zV1T > zV = z2V1 > 2V > 210> 20 S 2l for 6§ = 629(m).

[ix] zY >z > ZV1 > 72V > 2V s 210 s 210 s 21 for all §56(m) < 6 < 887 (m).
[x] zZV > ZVIE = 2V > 2V > ZzV > 2 s 210 s 2l for § = 557 (m).

[xi] zZV1 >z > ZVIT > 2V > Z2V > 210 s 210 s 2l forall 627(m) < 6 < 1.

[xii] z2Y1 >z > ZVIT > 2V > zZV = 210 > 20 =zl for § = 1.

(12) When t = (1/8)A, then

[[]zM> 2z > 2V > 2V > 2V > 20> 20 s 2l forall 0 < 6 < 1/2.

[1ii] 2V >z > ZV > 2V > 2V > 20 = 210 s 2l for 6 = 1/2.

[1ii] 2V >z > 2V > 2V > 2V > 200> 210> Zlforall 1/2 < 6 < 3/4.

[iv] z"W>zMszV=72V=7V1>z05 20521 for §=3/4(=6(m=1/8)=65m=1/8)=
526(m = 1/8)).

[v] z"M > V> ZVIS 2V s Z2V s Z0s 20 s 20 for all 3/4 <8 <887 (m=1/8)(= (3/248)(235 —
V24721).

[vi] 2V >z = Z2V1 > 2V > zV > 210 S 20 S 2l for § = §27(m = 1/8).

[vii] 21 >z > ZVIT > 2V > 2V > 210 s 210 s 2l forall §87(m=1/8) < § < 1.

[viii] zY1' > zV1> ZVI1 > 2V > 2V =z > 210 =zl for 6 = 1.

(13) When (1/8)A < t < WA, (A = {m |2V = z¥, 2! = 21 m = t/A}, @ ~ 0.161457)) then
[(]zYM > ZzVT > zZV > 2V > 2V S 20 S 20 s Zlforall 0 < 6 < 1/2.

[1i] 2V >z > ZV > 2V > 2V s 20 = 210 s 2l for 6§ = 1/2.

[iii] 2V >z > 2V > 2V > 2V > 210> 210 > Zlforall 1/2 < 6 < 526(m).
[vi] 2V > ZVIE > ZV > 2V = 2V > 210> 210 S 2l for 6 = 529(m).

[v] zY > ZVIT > ZzV > 2V S 2V s 210 s 210 s 21 for all 526 < 6 < §26(m).

[vi] 2V > zVIE > ZIV = Z2VI > 2V > 210 s 20 s 2l for 6§ = §26(m).

[vii] 21 >z > ZzV1 > 2V > 2V > 210> 210 > 21 for all §26(m) < 8 < 625(m).
[viii] 2/ > zVT > ZVI > 2V = 2V > 210 > 20 S 2l for § = §25(m).

[ix] 2V >z > ZV1 > 2V > 2V > 210 s 210 S 2l for all §25(m) < 6 < 687(m).
[x] 2V > ZVIl = ZVI > 2V > z2V > 210 S 210 S 2l for 6 = 587 (m).

[xi] zV1 >z > ZVIT > 2V > z2V > 210 s 210 s 2l forall 627(m) < 8 < 1.

[xii] 2/ > zVT > ZVI1 > 2V > zIV =zl > 210 = Zl for § = 1.

(14) When t = mA, then

[z > ZVIT > ZzV > 2V > 2V s 20 s 200 s 2l forall 0 < 6 < 1/2.

[ii] 2V >z > zZV > 2V > Z2V1 > 2 = 210 > 2l for 6 = 1/2.

[iii] 2V >z > 2V > 2V > 2V > 210> 210> Zlforall 1/2 < 6 < 626(m = m) (= 0.568295).

[iv] 21T > 2V > zV > 2V = 2V 5 210 s 20 s 2l for § = 526 (m = m).

[v] 2V > 2Vl > zV > Z2VI s 2V >zl s 210 S 2l for all §26(m = M) < § < §26(m)(~ 0.832221).

[vi] 2V >z > ZV = 2V > 2V > 210 s 210 s 2l for § = 626(m = ™).

[vii] 21 >z > ZVT > 2V > 2V > 210> 210 s 2l forall 626 (m = M) < 6 < 625(m = M) (= 0.905215).
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[viii] 2/ >z = ZVI > 2V = 2V > 210> 210 > 2l for 6§ = 625(m =).
[ix] 2V >z > 2z > 2V > 2V > 200 s 210 s 2l forall §25(m =m) < 6 < 1.

[x] z/M > zZV1 > ZV > 2V > z2V = 210 > 2 = 2l for 6 = 1.

(15) When A < t < (12/67)A

[(]zM > ZzVIT > zZV > 2V > 2V S 20 S 20 s Zlforall 0 < 6 < 1/2.

[1ii] 2V >z > ZzV > 2V > VIS 2 = 210 > 2l for § = 1/2.

[1ii] 2V >z > 2V > 2V > 2V > 210> 210 > Zlforall 1/2 < 8 < 836(m).
[iv]zVYT >z > zV > 2V = Z2VI > 210 > 210 s 21 for § = 520(m).

[v] zZVI > ZVIE > ZzIV 5 2V 5 2V s 210 s 210 S 21 for all §26(m) < 6 < 626(m).
[vi] 2V >z > zV = 2V > 2V > 210 s 210 s 2l for § = 526(m).

[vii] Y1 >z > ZzV1 > 2V > 2V > 210> 210 > 21 for all §6(m) < 8 < 627 (m).
[viii] 2V >z = ZVI > zIV > 2V > 210> 210 S 2l for 6 = 687 (m).

[ix] 2V >z > ZVIE > Z2V > 2V > 210 s 210 s 2l for all 627 (m) < 8 < 825 (m).
[x] 2V > ZVT > ZVIE > ZV = 2V > 210 S 210 s 2l for 6 = §25(m).

[xi] 2V >z > ZVIT > 2V > 2V > 210 S 210 s 2l forall §25(m) < 6 < 1.

[xii] 2V > zV1 > ZVIT > 2V > ZV =zl > 210 = Zl for § = 1.

(16) When t = (12/67)A, then
[z > ZVIT > ZzV > 2V > 2V s 20 s 200 s 2l forall 0 < 6 < 1/2.
[ii]] 2V >z > ZV > 2V =2V > 20 = 210 > 2l for 6 = 1/2 = 620(m = 12/67).

B jpa—
[i{i] 2V > 2V > 2V > 2V > 2V > 21> 20> Zlforall 1/2 < § < §46(m = 12/67) = 22220500 9V639 0>

[iv] z2/T > ZVI > 2V = 2V > 2V > 210 s 210 s 2l for § = 846 (m = 12/67).
[v] z"MW >z > ZVIS zV s 2V s 20 s 20 s 20 for all 626(m=12/67) < § <857 (m=12/67) =

7445—+/27085129
2512 ’

[vi] 2V >z = VI > zV > 2V 5 20 s 210 s Zlforall 6 = 627(m = 12/67).
[vii] zVM>zZV1> ZV > Zz2V s 2V s 20 s 20 s 20 for all 687(m=12/67) <8 < 82°(m=12/67) =

401—+/95713
96 ’

[viii] 2V > zV1 > ZY11 > 2V = 2V > 20> 20 > 2l for 6 = 625(m = 12/67).
[ix] 2/ >z >z > 2V > 2V > 210 s 210 s 2l forall §25(m = 12/67) < 6 < 1.
[x] zYM > ZV1 > ZV > 2V > zIV = 210> 2l = 2l for 6 = 1.

(17) When (12/67)A <t < (1/5)A, then

[(]zY1 > Z2VIT > zV > 2V > 2V s 20 s 20 s 2l forall 0 < 6 < 62°(m).

[ii] 2V >z > ZV > 2V =2V > 20 > 210 s 2l for § = 556(m).

[iii] 2/ >z > ZzV > ZzV1 > 2V > 210 s 210 s 2l for all 656(m) < 6 < 1/2.
[iv] 2V > ZVIE > ZIV 5 2V s 2V s 20 = 210 s 2l for 6 = 1/2.

[v]zVM > zZVIl > ZzV > 2V S 2V s 210 s 20 s 2l forall 1/2 < 6 < 626(m).

38



[vi] 2V > ZVIE > ZV = z2V1 5 2V > 210> 210 S 2l for 6 = 826 (m).

[vii] 2V > zV > ZVT > 2V > 2V > 210 s 210 S 2l for all §26(m) < 8 < 687 (m).
[viii] 2V > zZV = ZVI > 2V > 2V > 210 > 210> 2l for 6 = 587 (m).

[ix] 2V > zVT > 2V > 21V > 2V > 210 s 210 S 2l for all 687 (m) < 8 < 625(m).
[x] 2V > ZVT > ZVIE S Z2V = 2V 5 210 s 210 s 2l for § = §25(m).

[xi] zY1 > zV1 > zV10 > 2V > 2V > 200> 20 > 2l for all §°(m) <6 < 1.

[

xii] 2V > ZV1 > ZV > zV > 2V = 21 5 21 =zl for § = 1.

Appendix F:
Proof of Proposition 3:

First, we have ¢' —¢" = 0,¢' =" =0,¢'— ¢V =0,¢" —¢" = 0,¢" —¢" = 0,and ¢"' — ¢"V = 0,
which shows that ¢! = ¢!l = ¢'!! = ¢'V.

Second, the following results are straightforwardly derived.

gV — g = AlZ_Ot >0, (F.1)
_3(1-8)(A-1)
g/ — gV = wG—5 2 (F.2)
_3[4(1-6) +5](A—t) +85(6— )t
- = s — a3 Y (F:3)
gV — gV = 3(1—-6)(A(6 +3) +5(12 - 8)t) > (F.4)

25(462%2 — 426 + 63)
When & = 1, then ¢V = ¢"" and q¥ = ¢V Thus, we obtain that ¢! = g = ¢ = ¢!V > ¢"" > ¢"' > ¢" >

qVII' u

Appendix G:
Proof of Proposition 4:

Under the assumption of A > 5t, we readily obtain the following results:
_2AB-6)+5(3-26)t

[ _ vl G.1
¢ e 1533 —6) ’ G-
(1-6)(4A + 15t) + 24 — 56t
m_ VI _ G.2
e e 15(3 — 20) >0 G-2)
4A + 5t
m_ Vil — G.3
e e 30 >0, (G.3)
2A — 5t
IV _ VI — G.4
e e 15 >0, (G.4)
(1-8)(A(12 — &) + 15(9 — 8)t)
V _ VI >0 G.5
e e 5(63 — 426 + 462) =" G5
VI VIl 4(1-68)(9—-8)A+15(A—-58)¢t+5(4+ (1—8)(53—128))t -0 G.6)
40(6 — 6)(3 — 29) ’ '
3A—11t
VI _ VI G.7
e e 20 >0, (G.7)
ot
el —ell (G.9)

“Go2G-5-"
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_d-9t,, G.9
“2@-5 " @2

_(A-D)B-8)(9 - 25)(3 — 25) + 245(6 — &)t

= 24(6 —8)(3—0)(3 — 20) >0,
(6 — 8)((3 - 6)2(A — t) + 96¢)

el-el= 33— 06)(63 — 425 + 452) (G.1D)

_(A-D)B-8)(9 - 25)(3 — 25) + 245(6 — &)t

I _ Ll

el — eV (G.10)

I_ eVl G.12
¢ 24(6 —3)(3—0)(3 — 20) =Y (G.12)
7A(3 — &) + (219 — 1136)¢
I _ ,VI — G.13
e-e 120(3 — 6) =5 (G.13)

Therefore, from (G.1)-(G.7), e"!! is smaller than that under any of the other seven scenarios if § € [0,1).

On the other hand, from (G.1) and (G.8)-(G.13), e! is larger than that under any of the other seven scenarios
if6€(0,1). m

Appendix H:
Proof of Proposition 5:

Under the assumption of A > 5t, we obtain the following results:

1 25(6(6 — 8)(1 — &) + 62)t2
VI _ 1~ 2
n—ml == <4A + 10At + G5y >0, (H.1)
2(1 —8)(2A4% + 5At + 75t%) + 242 + 5t(A — 56t
T[VII _ Tl,'H — ( )( + + )+ + ( ) > 0, (H2)
225(3 — 26)
(4A + 5t)2
VI _ I H.3
m T 1800 >0, (H.3)
2A% + 5t(A — 5t)
VI _ IV _ H.4
T T 575 >0, (H.4)
1-8)(A%2(3+56 104(12 — &)t + 75(9 — §)t?
iy (L= D@ GE+8) 10402 -0+ 750 -9 _ 1s)
50(63 — 4268 + 462)
4(1—8)((6 + 8)A% +10(4 — 8)At + 75(6 — 8)t%) + 5(342 + At + 9t(A — 5t))
VIl _ VI —
Teon 40006 — 6)(3 — 20) >0, (H.0)
34% + 10At — 45¢2
AL AL (34% + 10At — 45t2) > 0. (H.7)

400
Thus, 7V is larger than under any of the other seven scenarios if § € [0,1). m

Appendix I:
Proof of Proposition 6:

After some manipulation, the equilibrium remuneration of the manager under each scenario is derived

as follows.
- 24%2(3—6)2 —4A(3 — 8)%t + (45— 126 + 262)t? @
B (3—6)? ' '
24%(3 —28) — 4A(3 =28t 15 — 48)t?
S _ 24%(3 - 26) — 4A(3 — 28)t + ( ) 12)
18(3 — 29)
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8A42% — 16At + 35¢t2

m _ 1.3
v = (I.3)
24% — 4At + 11t2
yIv = 1.4
18 ’ @4
. A%(405 — 50468 + 18362 — 14683) — 2A(3 + 26)(9 — 156 + 82)t + 9(6 — §)2(3 + 26)t> (L)
B 2(63 — 425 + 462)2 ’ ‘
. A%(3 —268)(93 — 1468) — 2A(3 — 26)(69 — 108)t + (711 — 3006 + 2852)t? L6)
B 32(6 — 6)2(3 — 206) ’ ‘
VI _ 14A% + 10At + 225t2 17
- 250 ’ '
2 2
. 794% — 118At + 439t . (18)
800
From (H.1)-(H.8), we obtain the following results.?
(6(1—8) + §2)t?
v _yl — L9
4 3G =0)? >0, (1.9)
(1-8t?
vyl = > I.10
3-28 ~ 7 (1.10)
2
VIV_VIII=%>0‘ (L.11)
(1-68)A
yvii—yVv = >0 L.12
250(63 — 426 + 462)2 = (1.12)
pym_ypvo 708 (1.13)

T 800(6—6)2(3-28) "

Equations (1.9)-(1.13) imply that equilibrium remuneration under scenarios I, II, III, V, and VI is smaller than

that in at least one of the other scenarios. Thus, we proceed with the comparison among V'V, VVII and VVIIL,
We obtain the results of the comparison among V!V, VVII and V'V a5 follows.

[i] VYV > VYIS vV forall 0 < ¢ < 3(—125 + 93v/5)A/1405.

[ii] VIV > vV = yVIl for ¢ = 3(—125 + 93+/5)4/1405.

[iii] VIV > VVIL > yVIT for all 3(—125 + 93V5)A4/1405 < t < (=59 + 3v745)A4/130.

[iv] VIV = vV > vV for ¢ = (=59 + 3v/745)A4/130.

[v] VVIE> IV > pVIL for all (=59 + 3v/745)A/130 < t < (89/449)A.

[vi] VVI > VIV = pVIIL for ¢t = (89/449)A.

[vii] VVIE > yVIT > vV for (89/449)A <t < A/5.

Therefore, when 0 < t < (—59 + 3\/%)A/130, the remuneration of managers under scenario IV is greater

than that under any of the other seven scenarios. On the other hand, when (—59 + 3%)/1/130 <t<A/5,

the remuneration of managers under scenario VII is greater than that under any of the other seven scenarios.

26 In (1.12) and (I.13), A, = A%(1300 + 2506(1 — §)2 + (1135 + 2245°)(1 — 8)) + 104(12 — §)(387 — 785 +
166%)t +225(1700 + 314(1 — 8) + (1415 + 1657 )(1 — 6))t? > 0. Furthermore, because 11 — 17m +
506m? > 0,959 — 1478m + 8519m? > 0,and 79 — 118m + 439m?2 > 0 for all m € (0,1/5),(m = t/A),A, =
40(11 — 17m + 506m2) + (1 — 6)(959 — 1478m + 8519m?2) + 2(1 — 6)2(79 — 118m + 439m?) > 0.
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Appendix J:
(1) First, we straightforwardly have

_ (1-6)4d3B -8+ B+t >0

wih —wl J1

4(3 - 96)? - ¢-1
This result implies that W' is less than social welfare in scenario III. Furthermore, we obtain
Wl = t((1—8)(4d +t) + 5(3t — 4d))‘ 1.2)
4(3 - 29)
21 -6)(2d —t)t

v _ sl — J.3

wlvV—w Y (4.3)

From (J.2), if at least d < (3/4)t, then W' > W In addition, from (J.3), when d >t/2and 0 < 6 <
1, WV > W Thus, W' and W' are dominated by the other scenarios foralld > 0,4 > 0,5 € [0,1]and t €
[0,20).

(2) Next, we focus on WV, After some manipulations, we obtain

1-9u,
WV wV = 14
25(63 — 425 + 462)% 74
U
Wit —wV = : (.5)

"~ 36(63 — 426 + 462)2
Therein, U; = —400(3 + §)(3771 — 25146 + 21862) + 50d(63 — 425 + 46%)(20(12 — 8) + 3(9 — 8)t) +
720(—1674 + 13088 — 220562 + 1163)t + 3(—8991 + 74978 — 138062 + 7463)t? and U, = 40000(3 —
8)%(171 — 1146 + 106%) + 800(1863 — 15128 + 32482 — 4263 + 26*)t — (9153 — 316446 +

2138462 — 376863 + 20056*)t% — 12d(63 — 428 + 46%)(200(6 — 6)(3 — 8) — (99 — 1385 + 145%)t)
Here, we define dy,(t,8) ={d(>0)|U; =0,A>0,0<t <20, and 0 <8§ <1} and dy,(t,6) ={d(>
0)|U; =0,A>0,0<t<20,and 0 <8 < 1}.1fd > dy, (t = 20,6 = § ~ 0.5828) ~ 16.1891, then W' >
WYV for all t € [0,20).27 Furthermore, when 0 < d < dy,(t = 0,6 = 1) = 268/15 (» 17.8666), then W >
WYV forall § € [0,1] and t € [0,20). Therefore, WV is dominated by the other scenarios for alld > 0 and t €
[0,20).

(3) Finally, we prove that WV! is smaller than social welfare in other scenarios. The values of WVIT — wVI

and W — WV are obtained as follows:

Y.(1-9)
VI _ VI — 1 1.6
w w 800(6 —8)2(3 —26) (-6)
Y
I _ VI — 2
w w 288(6 — 8)2(3 — 268)’ S
where Y, = A%(1017 — 8256 + 9862%) — 2A(3 — 26)(20d(6 — §) + (219 — 296)t) + t(40d (2898 —

9756 + 8282) + (=57303 + 189758 — 158262)t)  and Y, = A2(3 — 28)%(69 — 108) — 24Ad(3 —
28)(54 — 2168 + 262) + 24(21 — 28)%(3 — 28)t — 24d(—594 + 11796 — 34882 + 288%)t — (675 —
75068 + 241262 — 20053)t2. Here, let us define dy,(t,8) = {d(>0)|Y; =0,4A>0,0 <t < 20,and 0 <
8§ < 1} and dy,(t,8) = {d(> 0)|Y, = 0,4 > 0,0 < t < 20,and 0 < § < 1}.

Then, dy(t, §) is derived as

10000(3 — 28)(339 — 498) — 200(3 — 28)(219 — 298)t — (57303 — 189758 + 158252)t2

dy:(£,6) = 40(6 — 6)(100(3 — 26) — (483 — 826)t)

(1.8)

27 8 is derived from dd,(t = 20,8)/38 = 0.
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Because ddy,(t,8)/9t > 0 and ddy,(t,5)/96 >0, WV > WVI for all t € [0,20) if d > dy,(t = 20,6 =
1) =96/11 = 8.7227. Moreover, by solving dy,(t,§ = 1) = 0 with respect to t, we obtain the critical tax
rate t; = 100(—19 + 30v129)/3991 ~ 8.0615. Thus, if t < t;, then WY > WV! for all d > 0.

In addition, dy,(t, 6) is derived as

10000(3 — 258)2(69 — 108) + 200(21 — 28)2(3 — 28)t — (675 — 75068 + 241282 — 20053)¢t2

dy2(6,0) = 24(6 — 8)(100(9 — 28)(3 — 28) — (99 — 1806 + 2852)t)

(1.9)

We readily have that ddy,(t,6)/0t >0 and ddy,(t,6)/05 <0 . Hence, if d <dy,(t=0,6d =1) =
295/42 ~ 7.023, then W' > WVl for all t € [0,20). In addition, by solving dy,(t,6 = 1) = 96/11 with
respect to t, the critical tax rate is derived as t, = 20(—4591 + 61/6139186)/50809 ~ 4.0447. Therefore,
if t > t,, then W' > WV for all d € (0,96/11].

From the analysis above, the value of WV!is dominated by the other scenarios for alld > 0 and t €
[0,20).

Appendix K:
First, we straightforwardly have that, for alld > 0, § € [0,1] and ¢t € [0,20),

NCS"— NCS' = 2dot >0 (K.1)

C(3-283-8"" '

d(1-26)t

NcSM—NeSM = ——— 2 K.2
Nesv - nest = 2O (K.3)

3-28 ~7 '

dt
NCSY — NcS™ = - 20 (K.4)
Thus, NCS', NCS", and NCS™ are (weakly) dominated by scenario IV.
Furthermore, we easily obtain the following:
2H.(d,t,6)
NCSV — NCSY = : So, K.5
9(63 — 428 + 462)2 = (K.5)
2(1-6)H,(d,t,9)

NcsV' - NesY = X K.

25(63 — 4258 +482)2 = (K.6)
H;(d,t, 6

NCSVI — NCSV! = 3( ) So, (K.7)

"~ 800(6 — 8)2(3 —26)
(1—-96)H,(d,t,6)

NCSTH —NCSY = 800(6 — 6)2(3 — 25) so.
Therein, Hy(d, t,8) = (100(3 — 8)2 — (9 — 158 + 62)t)(100(117 — 788 + 7862) — (117 — 696 + 762)t) —
3d(63 — 426 + 452)(100(6 — 8)(3 — 8) — (144 — 1326 + 1362)t), Hy(d, t, §) = —1200(3 + §)(891 —
59468 + 5356%) — 360(1674 — 13086 + 22062 — 1163)t + 3(12 — 6)(216 — 12965 + 136%)t? + 25d(63 —
428 + 462)(20(12 — 8) + 3(9 — 8)t), H3(d, t, 8) = 200d(6 — 8)(20(17 — 28)(3 — 28) +
(57 — 808 + 12862)t) — 3(3 — 28)(400(13 + 28)(711 — 1068) + 40(1377 — 10848 + 13282)t — (7 —
26)(171 — 268)t2), Hy(d, t, 8) = 3(459 — 3758 + 4652)(100 — t)2 — 40d(6 — 5)(100(3 — 25) — (483 —
826)t).

Here, we define d,(t,6) = {d|H,(d,t,6) = 0,d > 0,8 € [0,1],t € [0,20) }. Then, we obtain d,(t,5) as
43
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(100(3 — 8)% — (9 — 158 + 62)t)(100(117 — 788 + 782) — (117 — 698 + 782)t)
3(63 — 425 + 462)(100(6 — 6)(3 — 8) — (144 — 1325 + 1362)t)

d,(t, 6) has the minimum value at (¢t,8) = (0,1). Thus, if d < d,(0,1) = 368/15, then H,(d,t,6) > 0 for

all § €[0,1] and t € [0,20). This implies that NCS'V > NCSV for all d € (0,368/15), § € [0,1]and t €

[0,20). Furthermore, when we define that d,(t, ) = {d|H,(d,t,§) = 0,d > 0,6 € [0,1],t € [0,20) }, we

have

d, (¢, 6) = (K.9)

4t 8) = 3(20(3 +26) + (12 — 8))(20(891 — 5948 + 538%) — (216 — 1298 +136°)) (K.10)
’ 25(63 — 425 +462)(20(12 - 6) + 3(9 — H)t)
Then, d,(t,§) reaches the maximum value at (t,6) = (0,1). Thus, if d > d,(0,1) = 168/11, H,(d, t,6) >
0 for all § € [0,1] and t € [0,20). This implies that NCSV > NCSV for all d > 168/11, § € [0,1] and t €
[0,20). Hence, max{NCS'"V,NCSV"} > NCSV for all d >0, § € [0,1] and t € [0,20).
Next, when we define that ds(t,8) = {d|H5(d,t,6) = 0,d > 0,6 € [0,1],¢t € [0,20) }, we have

3(3 — 26)(400(13 + 28)(711 — 1068) + 40(1377 — 10848 + 13262)t — (7 — 28)(171 — 265)t2)
200(6 — 8)(20(17 — 28)(3 — 28) + (57 — 803 + 1252)¢) :

It is straightforward to show that dds(t,6)/d8 > 0 for all & € [0,1] and t € [0,20). Thus, d5(t,6) <

ds(t,8) =

(K.11)

d;(t, 1) = %. Furthermore, d5(¢t, 1) is increasing in t € [0,20). As a result, we have d;(t,§) <

3(60+t)(2420-29t)
40(300—-11t)

t € [0,20) if d > 138. Therefore, NCSV!! — NCSV! for all d > 138, § € [0,1] and t € [0,20). In addition, we
define d,(t,6) = {d|H,(d,t,6) = 0,d > 0,5 € [0,1],t € [0,20) }. Then, we can derive d,(t, §) explicitly as
3(3 — 28)(153 — 238)(100 — t)?
40(6 — 6)(100(3 — 28) — (483 — 828)0)’
We find that if d < d,(0,0) = 765/4, H,(d,t,5) > 0 for all § € [0,1] and t € [0,20). Therefore, NCSVIIl —
NCSV! for all d € (0,765/4), 5§ € [0,1] and t € [0,20). From the comparison results above,

max{NCSVI, NcSV'"} > NCSV! forall d >0, § € [0,1] and t € [0,20).

Consequently, NCSV and NCSV! are dominated by other scenarios.

d;(t, 1) = < d3(20,1) = 138. This result shows that H5(d,t,§) > 0 for all § € [0,1] and

d,(t,8) = (K.12)

Appendix L:
Table A2(I): Extended equilibrium outcome under Scenario I
Noncooperative ECSR and noncooperative environmental R&D
ECSR level '=0
Environmental . _ 3d(6—48)—1003—6)
R&D effort Z T T 45-305 +25°
— 2y — —
Output §t = 100(18 =126 +6°) —d(6 —6)(3—6)
45 — 306 + 267
_ 2y _ _ 52
Pollution emission el = 100(21 — 134 + 67) — d(6 — )
45 — 306 + 262
Profit fal=(@H? +t'2' — (3/2)(2H?% + 6(2H)?
Social welfare W'=2(g"h?% + 2/! + 2t'e' — 2dé!
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Table A2(II): Extended equilibrium outcome under Scenario II

Noncooperative ECSR and cooperative environmental R&D
ECSR level " =0
Environmental L 6d(3—6)—100(3 —26)
R&D effort 2= 45 — 428 + 862
2(100—-d)(3 -6
Output gl = ( ) )
15—-46
_ 2y _ _ 22
Pollution emission el = 100(21 — 206 + 467) — 4d(6 — 3)
45 — 426 + 852
Profit

Social welfare

ﬁ.ll — (q\ll)z + fllzf\ll _ (3/2)(211)2 + 5(2”)2

Wll — Z(EI‘II)Z + Zﬁ'“ + Zfll éll _ Zdé”

Table A2(III): Extended equilibrium outcome under Scenario 111

Noncooperative ECSR and ERJV competition
ECSR level pu — o
Environmental R
R&D effort z7 = ﬁ(3d — 40)
10
Output s = (70 —d
p 17 ¢ )
. . 2
Pollution emission sl —

Profit

5
¢ =-(36 — d)

Social welfare

ﬁ.lll — (q‘lll)z + flllz'\lll _ (3/2)(2[1[)2 + (Z'\III)Z

WIII — Z(Q\III)Z + Zﬁ'HI + ZfHI éIII _ Zdélll

Table A2(IV): Extended equilibrium outcome under Scenario IV

Noncooperative ECSR and ERJV cooperation
ECSR level V=0
Environmental av . 4
R&D effort 2= H(Bd —25)
4
Output gV =— (100 — d)
11
. . 4
Pollution emission eV = 'El (125 — 44d)
Profit

Social welfare

ﬁIV — (Q\IV)Z + flVﬁIV _ (3/2)(2IV)2 + (2IV)2

WIV — Z(Q\IV)Z + Zﬁ.IV + ZfIV éIV _ Zdé'V
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Table A2(V): Extended equilibrium outcome under Scenario V

Cooperative ECSR and noncooperative environmental R&D
(v 100(3 — 8)2 50 200
[y =—————  if —<d<—
ECSR level 9"=4 d(63 — 426 + 452) 3 7
. 100(54 — 636 + 1882 — §3) — d(54 — 995 + 2162 — 6%) 200
Loy = if =—< d<36
( d(6 — 6)(45 — 305 + 262) 7
v 100(3-6) 50 _ 200
Environmental Vo =g Taeras: 3 <d=—
R&D effort T ) v _3d(6-8)—1003-6) 200
= ——<d<36
Ze 45—305 + 202 ¥
(v _100(18-125+6%) 50 200
W=y if < d<—
Output g = { 63 — 428 + 46 3 7
v 10021 —138+62) —d(6—&)* 200
ay = if —< d<36
45 — 306 + 2ké2 7
(v _100(15-116+6%) 50 4 < 200
Pollution W { €0 =63 - 426 + 402 fg<ds=
emission v 100(21—136 + §H—d(6—6)?% . 200
= ——<d<36
\ée 45305 + 202 ¥
v 5000(15-108 +48%) 50 200
flg = 5 if =< d<—
Profit AV = 63 — 4265 + 46 3 7
AV _ (AVN2Z 4 2V 5V _ sV 2 sVV2  : 200
p = (Gp)* +tp 2p — (3/2)(2p)* +6(2p)* if —=< d<36
_ 50 200
~ Wy = 2(gY)? + 2=y — 2déY if?< dST
Social welfare wv =
7V ~Vy2 AV 2V 3V sV ; 200
Wy = 2(Gp)?* + 27tp + 2ipép — 2dép l.fT< d <36

Table A2(VI): Extended equilibrium outcome under Scenario VI

Cooperative ECSR and cooperative environmental R&D

(o 25(3—-28) 3000 1475
190 = 2a6=0) ¥ 203 <%= 58
AVl _ -
ECSR level o7 = { gyt _ (100 —d)(3 ~26)(87 — 405 + 48%) 1475 9100
(7" 7 2d(1557 — 7986 + 14052 — 853) if 58 289
(-5 3000 1475
Environmental v W =26-0 Y20 =58
- d(21 — 26)(87 — 408 + 48%) — 600(15 — 28)(3 — 26 1475 9100
R&D effort iin _« )( +46%) ( > )3( ) i <
(3 —28)(1557 — 79868 + 1408° — 857) 58 289
( 25(15 — 26 3000 1475
I gy = ( ) i <d<——
Outout - =4 2(6—0) 203 58
utpu | v _ (100~ d)(15-25)(87 ~ 405 +46%) 1475 _ 9100
(7" = 2(1557 - 7985 + 14062 —85°)  ’ 58 289
(. 25(13-28) 3000 1475
eyt = if <d<——
Pollution emission | é"'= 4 2(6—9) 203 >8
0 |y _ 100015 — 26)(11 = 28)(9 — 26)(3 — 26) - d(87 — 406 +46%)* 1475 _ 9100
(= 2(3 — 25)(1557 — 7985 + 14052 — 85%) if 58 289
625(11 — 26 3000 1475
gy S22ULZ20) - 3000 1478
Profit - 6—-46 203 58
A~VI AVIy2 2VI VI 2VIy2 2VIy2 ; 1475 9100
fip =(qp)* +tp 2p — (3/2)(Zp)* +6(%p) lf?< d<%
_ 3000 1475
N W(yl=2(a(‘)”)z+2ﬁ'¥l—2dé(¥l lf m< dSK
Social welfare WVl =
7 VI ~VIy2 A~VI 2VI 3 VI VI : 1475 9100
W' =2(gp )+ 27tg + 2tp ép — 2dég zf¥< d<E
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Table A2(VII): Extended equilibrium outcome under Scenario VII

Cooperative ECSR and ERJV competition

R 16 50 112
93’“:— if ?<d5?
AVII _
ECSR level 7=y s@z+d) 112 125
o= Cca< ==
17d 5 4
50 112
. AVIL _ iF 2= -
Environmental i 2 =8 if z<ds—
5 112 125
R&D effort 2¥ll —(3d—40) if —<d<——
17 5 4
50 112
o G = 28 if —<d< 5
Output g7 = o 10 o—a) < . 125
qp = 17 lf 5 2
50 112
égll: 20 if ?<dST
. . . sVII
Pollution emission e = i _ 5(36 o 112 e 125
=17 if = 4
50 112
Ayl = 1200 if —<ds<—
Profit AV = 5 112 125
AVII — (qVIl)Z + t;)/llzﬂl\j’ﬂ (3/2)(2;7[1)2 + (Z'*VII)Z lf T <d< T
o .50 112
R Wi =3968 —40d if S <d<-—
Social welfare WVt = 1z _ 125
lell — Z(qgll)z + Zn.VI[ + ZCV“ 5 VII Zdé,‘,’" l.f - T
Table A2(VIII): Extended equilibrium outcome under Scenario VIII
Cooperative ECSR and ERJV cooperation
R 5 50 215
- 9(‘)"“: — if ?<dSF
ECSR level U g 17—y 215 125
P 7 5944 17 4
. 2 = 5 Lf 5—0< a< 2
Environmental SVIIT =717
R&D effOI‘t z N VI _ (323d 2600) i 215 < d< 125
=297 Y17 4
N 65 50 _ 215
Output gV = W=7 V3 =17
p q v _ 215 125
P (100 d) I.f —< d< T
o 55 215
v _ 22 e 20 g 200
Pollution emission eVt = 21 17 215 125
syl — —(9100 —289d) if —< —
TS 17 4
Ayl = 1125 if —0 <d< 21175
. ~VIIT
PrOflt 4 - AVI[I VI 2 V[I[ V[I[ 5 VIIIN2 sVIIIN2 - 215 125
= (@ + iy —(3/2)E )+ (2 ) if Tm<d<—
— 50 215
~ wym = (1745—22d) if 3 <ds—/—
Social welfare WV = 17 215 125
WFYIH — 2(q~¥lll)2 + 27':‘”" + ZtV“[ 5 VIII Zd 5 VIII l.f F < d< T
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