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ABSTRACT

This paper considers environmental R&D (ER&D) of clean technol-
ogy for reducing pollutant emissions in a polluting mixed duop-
oly and analyzes partial privatization’s impacts on ER&D,
environment and welfare. In the situation that environmental
taxes are exogenously given, it finds that the impacts of privatiza-
tion policy on ER&D and environment critically depend on the
level of environmental damage. However, regardless of the mar-
ginal damage, an appropriate partial-privatization policy can
increase social welfare. In addition, it also considers an endogen-
ously determined optimal environmental tax and shows that if
the marginal damage is high, partial privatization’s impacts on
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ER&D, environment and social welfare may be not the same as
the exogenous environmental tax situation.

1. Introduction

In many countries, state-owned and private firms coexist in such as electricity, petrol-
eum, chemical, steel and other high pollution industries (Xing et al., 2019; Xu et al,,
2016). In recent years, partial privatization has become an important reform method
for state-owned firms in many developing (e.g., China and India) and developed
countries (e.g., Japan) (Kato, 2013; Maw, 2002; Pal & Saha, 2015). With the increas-
ingly prominent environmental pollution, people pay more and more attention to
environmental quality. In this context, whether the implementation of partial privat-
ization policies will change firms’ environmental R&D (ER&D) behavior in the pollu-
tion industry, and whether it will impact environment (or welfare), have been the
focuses of economists and policymakers.
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As an important environmental regulation tool to solve environmental problems,
environmental taxation has been used in some developed countries since the 1970s,
and has achieved remarkable results (Aghion et al., 2016; Pearce, 1991; Yang, 2018).
In recent years, more and more developing countries have begun to control enterprise
pollutant emissions by imposing environmental tax in the process of economic trans-
formation (Chen & Nie, 2016). At present, many countries implement partial privat-
ization and environmental tax policies in some polluting industries at the same time.
For example, the government is promoting the mixed ownership reform in many pol-
luting industries in China', while it has started to levy environmental taxes on pollut-
ing enterprises’. In the context of this policy mix, a practical problem is whether
different environmental tax policies (e.g., taxes are exogenous or endogenous)’ will
change the impacts of partial privatization policies on ER&D, environment
and welfare.

Here, we consider the polluting mixed duopoly and analyze the impacts of envir-
onmental tax policies on the relationship between partial privatization and ER&D
(environment or social welfare). Firms use clean technology to reduce emissions.
They invest in ER&D to develop their technology. We examine the following two
cases. The environmental tax is exogenous (case (a)) and it is endogenous (case (b)).
We find that: (i) partial privatization can affect public firm’s ER&D, environment and
social welfare and in most situations it can also affect private firm’s ER&D in both
cases. However, by comparing with the situation that firms adopt end-of-pipe tech-
nology, partial privatization’s impacts on them may be different; (ii) when the mar-
ginal damage (i.e., marginal environmental damage) is high, partial privatization’s
impacts on ER&D (or environment) are different in the situations of low and high
tax rate in case (a); and (iii) partial privatization’s impacts on ER&D, environment
and social welfare might be not the same under exogenous and endogenous tax poli-
cies. The above results suggest that when policy makers analyze how the partial priva-
tization’s impacts on ER&D (environment or welfare) in pollution industry, they
should first identify the types of emission reduction technology adopted by firms in
this industry and the types of environmental tax policy adopted by the government.

The rest is as follows. Section 2 reviews the related literature. Section 3 sets up the
model. Sections 4 and 5 solve equilibrium results for situations of exogenous and
endogenous environmental tax respectively. Section 6 concludes.

2. Literature review

In order to reduce pollutant emissions, more and more firms adopt pollution abate-
ment technologies. There are two types of abatement technologies in related litera-
ture: end-of-pipe and clean technologies (Requate, 2005; Skea, 1995; Tsai et al., 2016).
The former technology curbs pollution emissions by implementing add-on measures,
but the later technology reduces pollution at the source by using cleaner production
methods (Frondel et al., 2007).

In the literature related to the impacts of full (or partial) privatization on ER&D
(environment and/or social welfare), most scholars assume that firms adopt end-of-
pipe technology. Under the assumption of endogenous environmental taxes, Wang
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and Wang (2009), Ferreira and Ferreira (2013), and Haruna and Goel (2019) examine
how full privatization affects them. Some of other scholars focus on partial privatization’s
impacts on them (Ouattara, 2019; Pal & Saha, 2010, 2015; Wang et al., 2009; Xu et al,
2016). Different from above studies, Xing et al. (2020) take into account exogenous
environmental taxes and analyze full privatization’s impacts on ER&D and environment.
However, all of above studies ignore clean technology and both situations of exogenous
and endogenous environmental taxes when examining the effects of privatization.

In terms of environment and economy, clean technologies are often more advanta-
geous than end-of-pipe technologies (Frondel et al., 2007). Under the assumption of
exogenous environmental taxes, several scholars consider clean technology and
analyze how full privatization affects ER&D (environment and/or social welfare) (Gil-
Molté & Varvarigos, 2014; Tsai et al., 2016; Xing & Tan, 2021). The partial privatiza-
tion is a popular academic and realistic policy issue in mixed oligopolies (Lee et al.,
2017). When determining ER&D (or output), a fully privatized firm generally pursues
profit maximization, while a partially privatized firm also takes into account con-
sumer surplus and environment. This difference may lead to different effects of par-
tial and full privatization on ER&D (environment and welfare). However, Gil-Molté
and Varvarigos (2014), Tsai et al. (2016) and Xing and Tan (2021) ignore partial pri-
vatization, and therefore fail to investigate partial privatization’s impacts on ER&D
(environment and welfare).

When a firm adopts end-of-pipe technology, this technology can reduce its gross
pollution but leave its output unchanged, whereas if it adopts clean technology, this
technology can reduce pollution per output, and therefore firms’ output and abate-
ment (or ER&D) decisions are intertwined (Tsai et al., 2016). This difference may
lead to different effects of partial privatization on ER&D (environment or welfare)
when firms adopt above two types of technology. Empirical studies have shown that
the ER&D investment in clean technologies is much more than that in end-of-pipe
technologies in many countries (Frondel et al.,, 2007). However, most of the related
studies assume that firms adopt end-of-pipe technology.

Compared with the previous literature, the main contributions are: (i) we examine
how partial privatization impacts ER&D (environment and welfare) when firms use
clean technology. The results suggest that in some situations partial privatization’s
impacts on public firm’s ER&D (or social welfare) present an inverted ‘U’ pattern,
which is not the same as full privatization’s impacts (see Xing & Tan, 2021). Xing
and Tan (2021) think full privatization’s impacts on public firm’s ER&D (or social
welfare) is monotonic; (ii) when analyzing partial privatization’s impacts, we allow
the environmental taxes to be exogenous and distinguish the situations of low tax
rate and high tax rate; and (iii) we compare exogenous and endogenous environmen-
tal taxes, and find that partial privatization’s impacts may depend on the level of mar-
ginal damage, especially when the marginal damage is high*.

3. The model

We consider a duopoly market where firms 0 and 1 produce a homogeneous product.
The former is a (partially) public firm, but the latter is a (entirely) private firm (Xu
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et al., 2016). Let q; (i =0, 1) represent firm i’s output. The inverse market demand
for the product is: P(Q) = 1—Q, in which Q (Q =g+ q1) denotes total output.
Following most mixed oligopoly literature ( Gil-Molté et al., 2011; Garcia et al., 2018;
Pi & Guan, 2018; Haruna & Goel, 2019; Xing et al., 2020; and so on), both firms
have quadratic production cost function form, which can be described
by: Cqi) = q; /2.

Production processes in firms pollute the environment (Pal & Saha, 2015). We
assume that per unit output brings about one unit of pollution. However, both firms
can reduce pollution by using clean technology. The level of this technology depends
on firm’s ER&D investments. After environmental R&D, the pollution emission per
unit output of firm i changes from 1 to 1—#;, in which #; is the ER&D effort of firm
i (7; €[0,1]) (Tsai et al,, 2016). The firm i’s ER&D cost is: I(5;) = 1?/2°. Tt follows
that the pollution generated by firm i is: E; = (1—#,)q; and the total pollution gener-
ated by firms is: E = Ey+ E; = >.;_,(1 — #,)gi. It is worth noting that, the ER&D
leads to pollution reduction per output here, which is different from studies on
ER&D that take into account end-of-pipe technology (Poyago-Thotoky 2007; Haruna
& Goel, 2019).

Following Poyago-Thotoky (2003), Youssef and Dinar (2011) and Xing and Tan
(2021), we consider the following environmental damage function:

1

D(E) = D(E() + El) = dZ(l — 7’]1')%‘ (1)

i=0

Where d (d>0) denotes the marginal damage®. The government levies an environ-
mental tax ¢ (t+ > 0) on firms’ per unit pollutant (Pal & Saha, 2015). ¢ denotes the
environmental tax rate, which is assumed to satisfy inequality 0 < t < d’. The result-
ing environmental tax paid by firm i is: T; = t(1—#;)q;. Now, we can give firms’
profit functions:

o = P(Q)q0—C(q0) —To—1(1) ()

m = P(Q)q1—C(q1)—Ti—I(n,) 3)

We define social welfare as the sum of producer surplus (7y + 7;), consumer sur-
plus (CS = %Qz) and environmental tax revenues (T = Ty + T;), minus total environ-
mental damage (D), which is expressed as (Xing et al., 2020):

SW=CS+mny+m +T-D (4)

Now, we give firms’ objective functions. For firm 1, it is a private firm and pursues
profit maximization. Its objective function is m; (see (3)). In addition, for firm 0 it
may be partially privatized (fully state-owned or fully privatized) and pursues the
weighted sum maximization of n, and SW (Kato, 2013; Matsumura, 1998; Wang
et al., 2009). Its objective function is:
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® = Any + (1-21)SW, A€ 0,1] (5)

According to (5), as 4 increases, firm 0 will give a larger weight to the profit. If
A =0, firm 0 is a fully public firm and pursues to maximize social welfare, and if
A =1, it is a fully privatized firm and pursues to maximize the profit. However, if
0<4<1, firm 0 is a partially public (or partially privatized) firm and takes into
account both the profit and social welfare. In this situation, 4 denotes the degree of
partial privatization. Note that, (i) some scholars think of this parameter as the share
of a previously public firm sold to its private parties (Heywood & Ye, 2009;
Matsumura, 1998); and (ii) for the convenience of expression, we still call firm 0 a
public firm after partial privatization.

We consider two cases in this study. In case (a), the environmental tax is exogen-
ous and the tax rate is allowed to be taken within a certain range. In case (b), it is
endogenous and its optimal value is given by maximizing social welfare. The timing
of the game is: firms simultaneously and independently determine their ER&D efforts
(outputs) in stage 1 (stage 2) in case (a); and the government decides on optimal tax
rate in stage 1 and firms determine their ER&D efforts (outputs) in stage 2 (stage 3)
in case (b).

4, Case (a): t is exogenous

Here, the environmental tax is exogenously given. We start by examining the output
stage. When two firms choose their optimal outputs, firm 0 maximizes the weighted
sum of 1y and SW (i.e., @), while firm 1 maximizes its profit (i.e., ;). By differenti-
ating (5) and (3) with respect to gy and q; respectively, we give first order conditions
(i.e., FOCs):

g_i = A[P(Q) + P (Qao~C'(a0)~Ty'] + (1-A) [PQ)~C'lan) ~(1-m)D'(B)]
= 2[1=t(1=ng)~q1=3q] + (1=2) [1=d(1-1,)~2q0—1] =0
omy _p 2 c T,
o0 (Q +P(Qq—C(q:1)—T) (7)

= 1-t(1-n;)—q0—3q1 =0

Due to %? = —(2+ 4)<0 and % = —3<0, second order conditions (i.e., SOCs)
are met. Accf)rding to (6) and (7), tﬂere exists a substitution relationship between the

outputs of firms. Solving (6) and (7) gives the outputs for firms:

. 2-3[At 4 (1-A)d|(1—nq) + t(1—1n,)
9 = 5434 (8)

L (A + [+ (A=A)d[(1-n) = (2 + At(1=m,)

p— 9
N 5434 ©)
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Now, we turn to the ER&D stage. In this stage, two firms determine their optimal
ER&D efforts. We can derive FOCs:

ORI — (12/(Q gy + (1-A[-P(Q)ai~(-m)(D'E) 0]V g+ gy (-AD(E) 1)

trategic ffct tax—saving effect  environmental effect
7(5 e {(9+ 81+ 2%) — (16 + 112)(1 — 1) + [(2 + 544223t + (5 — 24 — 323)d] (1 — ;) } —11p = O
(10)
(97[1(1’] >’7) * *8q* *
5 T =P(Q )9 p) °+ tq, =I'(m)
m m tax—saving effect
strategic effect (11)
32+ At ,
=—S(1+A)+1(1 - — 24+ A4)t(1 — -, =0
(5+3z)2{( )+ 7(1=ng) = 2+ A)t(1 = m) }=m,

In (10) and (11), t=At+ (1—A)d. Because 0 <¢t<d<0.55 and 0<1<1,
%;‘D (1(65-1131)) —1<0 and a = ((52+3)i)2 —1<0, Thus, SOCs are met.

"We consider the marglnahl cost and marginal benefit of ER&D. Obviously, firm i’s
marginal cost from ER&D is I'(;). On the marginal benefit from ER&D, for firm 0

it is determined by three effects: strategic effect (may be non-negative (or non-positive),
ie, {AP(Q%)qs+ (1-A)[-P(Q*)q;—(1—n,)(D'(E*)—t )]}(%’l > (or <)0), tax-saving
effect (is non-negative, i.e., Atq; > 0) and environmental effect (is non-negative, i..,

(1—-4)D'(E*)gq; > 0). However, for firm 1 it is determined by two effects: strategic
effect (is non-negative, ie., P'(Q")q; aqo > 0) and tax-saving effect (is non-negative,
i.e., tq; > 0) (Tsai et al., 2016). Tsai et al. (2016) also take into account these effects.
However, unlike their study, in this study (i) the marginal benefit of firm 0 contains
all of strategic effect, tax-saving effect and environmental effect; (ii) all of three effects
have one more parameter 1 in the marginal benefit of firm 0; and (iii) the tax-saving
effect (environmental effect) does not contain ER&D’s marginal cost in firm 1’s (firm

0’s) marginal benefit.
Solving (10) and (11) can give equilibrium ER&D efforts:

w
o= 12
1//0 C ( )
¢
== 13
1/’1 C ( )
r[9+8) + 22+ 2=110=92)t 4 (=11 + 32 + 87%)d] x [(5 + 34)*=3(2 + 4)°
In (12) and (13), @ { X P]=3(2 + A)tt](2 + 54+ 272)t + (5-22-31)d] x [1 + 4+ 1—(2 + A)1] }

-~ [(5437)°—(16 + 11) 7] x [1 4+ A+ 1—(2 + A)t]—1>x
¢ =302+ ’I)t{ 9484+ 12+ (2—114—9%)t 4 (=11 + 3/ 4 84%)d] }
and ¢ — { (54 34)2—(16 + 114)7%] x [(5 + 31)°—=3(2 4 1)*x }
T A3+ A2 + 54+ 220t + (5-24—327)d]
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Then, we obtain firms’ output and total output in equilibrium:

o 20-31(l-w) +1((—¢)

Q= (5+34)¢ (14)
U+ A+ —m) -2+ D)

T = (51 34)C (15)

Q - (3 4+ A)(=2t({—m)—(1 4+ L)t({—¢) (16)

(5+3A)C

Using the equilibrium outputs (see (14), (15) and (16)), we obtain the follow-
ing lemma.

Lemma 1. When t is exogenous, (i) q; and q; + g} (q;) decrease (increases) with A
in the case of low d (or high d and high t); and (ii) g; and q; + qj (g}) increase
(decreases) with / in the case of high d and low ¢.

Proof. See Appendix A.

The intuition is as below. If d is low (or both d and ¢ are high), the damage caused
by firms’ production to the environment is small (or the marginal damage is large
but pollution externality is mostly internalized by environmental taxes). When 4 = 0,
firm 0 seeks maximized social welfare in production. It can thus focus on increasing
consumer surplus instead of reducing environmental damage (Kato, 2010; Tsai et al.,
2016). With an increase of A, firm 0 has an incentive to produce less because it
focuses less on increasing consumer surplus, while firm 1 produces more due to stra-
tegic substitutes. Because the impact of 4 on gy dominates its impact on g;, total out-
put decreases as A increases. In addition, if d is high and t is low, pollution
externality is poorly internalized. When A =0, firm 0 pursues the maximization of
social welfare in production. It thus focuses on reducing environmental damage
instead of increasing consumer surplus (Tsai et al., 2016). With an increase of 4,
firm 0 has an incentive to produce more because it focuses less on reducing environ-
mental damage. Thus, firm 1 produces less because of strategic substitutes. Due to
the impact of 1 on qp dominates its impact on g;, total output increases with /.

Using equilibrium ER&D efforts (see (12) and (13)), we can prove Proposition 1.

Proposition 1. When t is exogenous, (i) #; decreases with A in the case of low d (or
high d and high t), and increases first and then decreases with 4 in the case of high d
and low t; and (ii) #] is not affected by / in the case of t = 0, increases with A in the
case of low d (t>0) (or high d and high t), and decreases with A in the case of high
d and low ¢t (£>0).

Proof. See Appendix A.

The first part of above proposition indicates that in some situations, partial privati-
zation’s impacts on public firm’s ER&D may be inverted ‘U’ pattern. Gil-Molté and
Varvarigos (2014), Tsai et al. (2016) and Xing and Tan (2021) also take into account
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clean technology and exogenous t, whereas they study how full privatization affects
public firms® ER&D. These scholars think that their relationship is monotonic.
Obviously, our result is different. This implies that under certain conditions partial
and full privatization’s impacts on public firm’s ER&D are different. In addition, Gil-
Molté and Varvarigos (2014) think that full privatization always does not affect pri-
vate firms’ ER&D. However, the second part of Proposition 1 shows that, depending
on d and ¢, partial privatization can increase or reduce private firm’s ER&D.
Comparing parts (i) and (ii) of Proposition 1, the impacts of partial privatization on
private and public firms’ ER&D are different in some situations.

The reason for Proposition 1 is as below. Although the marginal benefit of ER&D
for firm O (firm 1) is determined by strategic effect, tax-saving effect and environ-
mental effect (strategic effect and tax-saving effect), the impact of 4 on which is
mainly determined by its impact on environmental effect (tax-saving effect) in the
cases of low d, high d and high ¢, or high d and low ¢. First, we interpret the part
(). If d is low or both d and t are high, with an increase of A, q; decreases (see
Lemma 1), and thus firm 0’s environmental effect ((1—1)D'(E*)q;) weakens. It fol-
lows that the marginal benefit of ER&D for firm 0 decreases with A. In addition, if d
is high but ¢ is low, g increases with 4 (see Lemma 1). For firm 0, its environmental
effect ((1-A)D'(E*)q;) strengthens first and then weakens as / increases due to the
effect of 4 on gj dominates (is dominated by) its effect on 1—/ if / is small (large).
Thus, firm 0’s the marginal benefit from ER&D increases first and then decreases
with 4. In sum, public firm’s ER&D incentive will decrease (increase first and then
decrease) as A increases in cases of low d or high d and high ¢ (the case of high d
and low f). Second, we interpret the part (ii). If t =0, for firm 1 its strategic effect
and tax-saving effect disappear (i.e., P'(Q*)q;(0q5/0n,) = 0 and tq; = 0). Obviously,
firm 1’s marginal benefit from ER&D is not affected by 4. Thus, its ER&D incentive
will not change as A increases. In cases of low d (¢>0) or high d and high ¢ (the case
of high d and low ¢ (¢>0)),q} increases (decreases) with 4 (see Lemma 1), and thus
tax-saving effect (tq}) strengthens (weakens) as A increases. It follows that firm 1’s
marginal benefit from ER&D increases (decreases) with A. Thus, firm 1’s ER&D
incentive will increase (decrease) as A increases.

Submitting (12)~(15) into (1)~(4) respectively, we derive:

[2{-31({—@) + t({—¢)]
2(5 +32)°¢

= {2(1 4+ 22) + [77=2(5 + 3)t]({~o)

1
U2 4)} =5 () 17)
. T+ A+ 1(l—m) -2+ )t((—9) - L 1e,
= 265+ 30 {31+/1c+3r(c @) =32+ )t —¢) 2(§)
(18)
D" — (5+3 02{(4. o)20 =3t((—@) + (= P)] + ({— )1+ D +({ —v) — 2+ )t — ¢)]}

(19)
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o _ L[B+A-2e({-o)-(1+ )t((-¢) ?

2 (51300 (20)

2(5 4+ 32)L[(3 + AL—2x(L—m)— (1 + 2)i(
1 —(1+ D)t~ ¢)] —[2{=3t({—m) + t({—
2(5+ 3220 | —(2+ Ae(l=¢) =2(5 + 32)d{({~o)[2L
(=) + DL+ o(l~m)=(2+ 1t

)= + ){-21((~m)
=11+ )+ 1((-w)
1({—@) + t{{-¢)]
N}=(5+34) (@ + %)

(1)

C)
. _ ¢
SW* = 2
—¢

According to the environmental damage in equilibrium (see (19)), we can prove
the following proposition.

Proposition 2. When ¢ is exogenous, (i) D* decreases with 4 in the case of low d (or
high d and high ¢); and (ii) D* increases with 4 in the case of high d and low t.

Proof. See Appendix A.

There is no consistent conclusion on how partial privatization affects environment.
By considering end-of-pipe technology and endogenous f, Wang et al. (2009)
(Ouattara (2019)) show that partial privatization betters (damages) environment,
while Pal and Saha (2010; 2015) and Xu et al. (2016) find that their relationship
presents non-monotone pattern. Unlike the above studies, we consider clean technol-
ogy and exogenous ¢, and obtain a different result.

The explanation for Proposition 2 is as below. Partial privatization can affect a
firm’s ER&D and output (see Lemma 1 and Proposition 1), thus can also affect this
firm’s  pollutant  emissions (E; = (1—#;)q;) and environmental damage
(D; = d(1—n;)q;). In the situation of low d (or high d and low (or high) ¢), the effect
of 4 on E; (or D;) mostly depends on its effect on g;. Consider the cases of low d or
high d and high ¢ (the case of high d and low #). On the one hand, partial privatiza-
tion has the negative (positive) effect on ¢qo (see Lemma 1), which will reduce
(increase) the environmental damage. On the other hand, it has the opposite effect
on ¢q; and the environmental damage. The former effect dominates the latter effect.
Therefore, partial privatization will reduce (increase) total environmental damage.

Using (21), we derive Proposition 3.

Proposition 3. When ¢ is exogenous, SW* increases first and then decreases with 4
in the case of low d (high d and high ¢ (t<d), or high d and low ¢).

Proof. See Appendix A.

By considering end-of-pipe technology and endogenous t, several scholars think
that the appropriate partial-privatization policy will enhance social welfare (Ouattara,
2019; Pal & Saha, 2010, 2015; Xu et al., 2016). Our result suggests that, if firms use
clean technology and t is exogenous, their result still holds. In addition, some studies
think that full privatization’s effect on social welfare is monotonic (Ferreira &
Ferreira, 2013; Wang & Wang, 2009; Xing & Tan, 2021). However, Proposition 3
implies that partial privatization affects social welfare non-monotonously.
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The reason for Proposition 3 is as below. Consider the cases of low d or high d
and high t (t<d). In these cases, the effect of A on consumer surplus is negative
because the total output decreases with 4 (see Lemma 1). However, it has positive
effect on producer surplus. Because T = tE, D = dE and d>t, and D* decreases with
/. (see Proposition 2), the effect of 2 on D*—T* = (d—t)E* is negative. It follows that
partial privatization has positive effect on T*—D*. When 4 is small (large), with an
increase of A, the positive effect (i.e., higher nj+ n; and T*—D*) dominates (is
dominated by) the negative effect (i.e., lower consumer surplus), and thus social wel-
fare will increase (reduce). If d is high and ¢ is low, we can do a similar analysis.

5. Case (b): t is endogenous

Some studies related to mixed oligopoly analyze the impacts of optimal environmen-
tal taxes and privatization policies on ER&D (environment and/or welfare) (Ferreira
& Ferreira, 2013; Haruna & Goel, 2019; Quattara, 2019; Pal & Saha, 2015; Xu & Lee,
2018). However, most of them consider end-of-pipe technology. By considering clean
technology and endogenous t, we examine how partial privatization affects ER&D,
environment and welfare here (case (b)). There are three stages of the game in case
(b). The government determines the environmental tax rate in stage 1, and firms
choose their ER&D efforts (outputs) in stage 2 (stage 3).

5.1. The effects of partial privatization on ER&D, environment and
social welfare

Similarly as in case (a), we can derive equilibrium outputs (ER&D efforts) in stage 3
(stage 2). They are given by (8) and (9) ((12) and (13)) respectively. Further, we get
the social welfare function on variable ¢, which is given by (21). Now, we take into
account stage 1, in which the government determines optimal environmental tax rate
(ie., t#) by maximizing (21). We separate with two sub-cases (i) where d is low and
(ii) where d is high. First, we consider the sub-case (i). We obtain t# =0. Submitting
= 0 into (12) and (13) can give equilibrium ER&D efforts: 7, :% and 1, =0, in
which ¥ =d[9—-A—722 = —(11—14/—5/* + 8)°)d] and Y =25+301+
9/2—(16—214—6A* 4+ 11/°)d?. Then, we derive environmental damage and social wel-
fare in equilibrium:

f_ D o — 301 — Dy — oy
*(5+3;v)lp2{(‘p D29 = 3(1 = 2)d(Y — )] +y[(1+ 2 + (1= )d(y —9)]}

(22)

sw =

=26 13y | TRV (1 g+ (1=Dd(— ) -2d(5 + 30

~0)[2=3(1=A)dW—9)] + ¥ [(1 + 2y + (1=2)d(Y—0)]} = (5 + 34)*9?
(23)

1 { 2(5+3W[(3 + AW —2(1-A)dY—9)]~[(3 + Y —2(1-2)d(y—V)]’ }
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Proposition 4. When ¢ is endogenous, in the case of low d, (i) 110# decreases with A;
(ii) nf does not depend on 4; (iii) D decreases with A; and (iv) SW¥ increases first
and then decreases with /2.

Proof. See Appendix A.

The intuition of this proposition can be similarly given as that in Propositions
1~3 when d is low and t = 0. Compared with case (a), most of the results are the
same in the situation of low d except for the impact of 4 on private firm’s ER&D.
When ¢ is exogenous, nf increases with A4 if t>0, but when ¢ is endogenous, n’f is
not affected by A. The reason for this difference is that, partial privatization has the
positive effect on tax-saving effect if t is exogenous and ¢ # 0. However, this positive
effect disappears if ¢ is endogenous.

According to Propositions 2~4, we derive Proposition 5.

Proposition 5. When d is low, compared with the situation of pre-privatization, the
appropriate implementation of the partial privatization policy brings both environ-
mental improvement and social welfare increase in both situations of exogenous and
endogenous environmental tax.

Proof. See Appendix A.

Second, we consider the sub-case (ii). Due to the expression of # is very complex,
we do not give its form here. The first line in each column d of Table 1 gives the
numerical results of ' with different values of . For example, if d = 0.55,
0.37<t%<0.39 for all 2 € [0,1] (see the first line in column d = 0.55 of Table 1).
Obviously, t# is moderate and satisfies 0<t” <d if d is high. Submitting t* into (12),
(13), (19) and (21), we obtain the equilibrium results: 110#, 11;1#, D" and SW¥. The
second to fifth lines of each d column in Table 1 respectively give the numerical
results of them with different values of 4. According to the results of numerical simu-
lation in Table 1 (see column d = 0.55 of Table 1), we find that when d is sufficiently
high, ng, nf, D* and SW* decrease with 4. To sum up, we give the following
observation'’.

Observation 1. When ¢ is endogenous, in the case of high d, (i) ng decreases with
A; (i) nf decreases with A; (iii) D* decreases with A; and (iv) SW# decreases
with A",

Ouattara (2019) shows that partial privatization makes environment worse, while
Pal and Saha (2010; 2015) (Xu et al., 2016) find that partial privatization’s impacts on
environment are non-monotonic. In addition, all of them think that its impacts on
social welfare are inversed ‘U’ pattern. The above scholars also take into account
endogenous t. However, firms use end-of-pipe technology in their studies.
Observation 1 shows that partial privatization may have different impacts on environ-
ment (or social welfare) when firms use clean technology.

Now we take a comparison of main results in cases (a) and (b) in the situation of
high d. If t is endogenous, the increase of the partial privatization level certainly
reduces firms’ ER&D (or social welfare) and improves environmental quality.
However, if it is exogenous, under certain conditions public firm’s ER&D (or social
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welfare) can increase first and then decrease with A, and private firm’s ER&D and
environmental damage can increase with 4. The reason for this difference is as fol-
lows. If t is endogenous, its value cannot be sufficiently low (or sufficiently high)
when d is high. In fact, it is moderate. However, if ¢ is exogenous, its value can be
sufficiently low (or sufficiently high). The difference of t in cases (a) and (b) can
change the effects of 1 on ER&D, environment and welfare.

According to Propositions 2 and 3, and Observation 1, we derive Proposition 6.

Proposition 6. When d is high, compared with the situation of pre-privatization, the
appropriate implementation of the partial privatization policy betters (damages)
environment and improves social welfare if t is exogenous and its value is high (low);
However, the partial privatization policy generally betters environment but decreases
social welfare in the situation of endogenous ¢.

Proof. See Appendix A.

In contrast to the result in the situation of low d (see Proposition 5), the partial
privatization policy may not achieve a win-win result of improving both environmen-
tal quality and welfare in the situation of high d. When investigating the impacts of
implementing the partial privatization policy on environment (or welfare), we should
first clarify the marginal damage and environmental tax policies. Otherwise, we may
get incorrect conclusions.

5.2. The effects of partial privatization on optimal environmental tax

First, we analyze how partial privatization impacts optimal environmental tax policy.
When d is low, ¥ = 0. Obviously, t# does not depend on / in this situation. Now,
we turn to investigate the effects of 4 on t* in the situation of high d. Combining
values of * in the first line corresponding to d = 0.55 in Table 1, we find that with
an increase of 4, ¢ increases if 0 < 2<0.2 (or 0.5 </ <1) and decreases if 0.2 <
A <0.5. We conclude that if d is high, #* is non-monotone in the level of partial pri-
vatization, and further it first increases, then decreases and then increases with /.
Thus, in a high pollution industry, if the current level of privatization is sufficiently
low (or sufficiently high), the government needs to raise the environmental tax rate
when it continues to raise partial privatization level. However, if the current level of
privatization is moderate, the government may lower the environmental tax rate
when it continues to raise partial privatization level. For example, in China, with the
deepening of mixed ownership reform, the partial privatization level of state-owned
firms in some high pollution industries is improving. In this situation, the govern-
ment needs to be aware of the possible impacts of partial privatization on environ-
mental tax policies and adjust tax rates appropriately. The policy implication is given
as follows.

Proposition 7. When d is low, the government does not need to change the optimal
environmental tax policy if it carries out the higher privatization level in the polluting
mixed duopoly. However, when d is high, it should appropriately adjust the optimal
environmental tax policy according to the privatization level.
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Proof. See Appendix A.

Second, we consider optimal policy mix case when the government can utilize
optimal environmental taxes and optimal privatization together'>. We can find opti-
mal privatization levels, given optimal environmental taxes, in Table 1. Using the
data of Table 1, the value of social welfare is maximized at (t, 1) = (0, 0.2) in the
situation of d =0.05 (or d =0.15), and it is maximized at (¢, 1) = (0.263633, 0)
((t, ) =(0.379827, 0)) in the situation of d = 0.45 (d = 0.55). To sum up, we give
the following observation.

Observation 2. When d is low, the optimal policy mix of the government is to
choose not to levy environmental tax and to partially privatize public firm, while
when d is high, it is to choose to levy environmental tax (its rate value is smaller
than marginal damage) and not to privatize public firm.

The above observation indicates that the degree of marginal damage plays a key
role in determining the policy mix between optimal environmental taxes and optimal
privatization levels.

6. Conclusions

This study investigates the impacts of partial privatization on ER&D, environment
and welfare in the polluting mixed duopoly. The government imposes an environ-
mental tax on the firms’ pollutant emissions. The environmental tax may be exogen-
ous (case (a)) or endogenous (case (b)). Each firm uses clean technology and raises
its technology through ER&D. The main findings obtained are as follows. In the situ-
ation of low marginal damage, as the partial privatization level increases, public firm’s
ER&D and environmental damage (social welfare) will reduce (increase first and then
decrease) in both cases (a) and (b). While private firm’s ER&D may increase in case
(a) and it does not change in case (b). Moreover, in the situation of high marginal
damage, partial privatization’s impacts on public firm’s ER&D (environmental dam-
age or social welfare) can also be different. For example, partial privatization has the
negative effect on them in case (b), but it can have the positive effect on environmen-
tal damage and the non-monotonic effect on public firm’s ER&D (or social welfare)
in case (a).

When policy makers adopt privatization policies, they care for their impacts on
environment (or welfare). This study gives the following policy implication. If the
environmental tax can be endogenously chosen when partially privatizing a polluting
public firm in the mixed duopoly, the partial privatization policy undoubtedly will
better the environment in both low and high marginal damage. However, if it is
exogenously given and its rate is low, the partial privatization policy in a high pollu-
tion industry may make the environment worse. In some developing countries, due
to the government imposes very low environmental taxes, partial privatization in high
pollution industries can deteriorate the environment. In addition, if the environmen-
tal tax is exogenous, partial privatization’s impacts on social welfare present an
inverted ‘U’ pattern, and thus the appropriate partial-privatization policy can enhance
social welfare. However, if it is endogenously chosen, the partial privatization policy
in a high pollution industry may reduce social welfare.
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This study uses a very simple framework to examine partial privatization’s impacts.
Some extensions may be possible. One is that the (partially) public firm is uncon-
cerned about environment and pursuits the maximization of the weighted sum of the
profit and consumer surplus (Ouattara, 2019). The other extension is that the govern-
ment subsidizes the firm’s ER&D activity rather than imposes environmental taxes
(Xing et al., 2019). We will consider these extensions in the future.

Notes

1. The mixed ownership reform in China is characterized by partial privatization of state-
owned firms.

2. China started to levy environmental tax since January 1, 2018.

3. Generally there are two typical ways to deal with environmental tax rate. One is that it is
exogenous (Tsai et al., 2016; Xing et al., 2020). In this situation, the tax rate is usually
allowed to be taken within a certain range. The other is that it is endogenous and its
optimal value is usually given by maximizing social welfare (Haruna & Goel, 2019; Pal &
Saha, 2015).

4. We assume that the environmental damage is linear to the output production, and thus
our results may also depend on the environmental damage function.

5. Note that if we relax the assumption of ER&D cost as I(n;) = kn?/2 (k>0), we do not
find that full privatization can maximize social welfare.

6. To guarantee 0 <m; <1, ¢; >0, m; >0 and SW > 0 in equilibrium for all A € [0,1],
this study assumes that d is not sufficiently high and meets inequality 0<d < 0.55.

7. The reason for the assumption of t <d is that, it is generally believed that in an
imperfect market structure the environmental tax rate should not exceed the marginal
damage (Ohori, 2006; Tsai et al., 2016; Xing & Tan, 2021). Some scholars compare the
size of optimal environmental tax and marginal damage in the mixed oligopoly and they
show that the former can’t be larger than the latter (Lee & Xu, 2018; Ohori, 2014; Pal &
Saha, 2015). However, Lee (1999) thinks that in some situations t>d under a free entry
Cournot oligopoly market.

8. Partial privatization is optimal if the government also decides on A by maximizing SW#.
For example, according to the fifth line of column d = 0.05 in Table 1, the value of
social welfare is the largest when A = 0.2.

9. Note that this result focuses on the comparison of post-privatization and pre-
privatization.

10. Although this observation has been verified by numerical method, it cannot be proved
strictly. Thus, we give it in the form of “observation” not in the form of “proposition”.

11. Full nationalization is optimal if the government also chooses A by maximizing SW*. For
example, according to the fifth line of column d = 0.55 in Table 1, the value of social
welfare is the largest when A = 0.

12. Some related studies see Garcia et al. (2018, 2019).

13.  Unlike clean technology, the adoption of end-of-pipe technology by firms leads to the
reduction of gross emissions, rather than the reduction of emissions per unit output.

14. The derivation process and main results of Appendix B are given as online
supplementary materials.

15. Most of them consider end-of-pipe technology, but we consider clean technology here.

16. The derivation process and main results of Appendix C are given as online
supplementary materials.
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Appendix

Appendix A. Proofs of lemma and propositions

Proof of Lemma 1: We can prove that |d 0<0 for all 0 < A < 1. Because a?f is a continu-
ous function of d on interval [0, 0.55], there exists a d (0<d<0.55) maklng that aO <0 for all
0<d<d. Thus, gj decreases with A in the case of low d. If d is hlgh, W |t:0>0 and & W |t:d<0
for 0 < A < 1. Because aq" is a continuous function of t on interval [0, d], there exist t and f
(0<t < t<d) making that q" >0 for all 0 < t<¢, and making that aq; <0 for all <t < d. Thus,
qy increases (decreases) w1th A if d is high and t is low (high). Similarly, g; 4 g} (q}) increases
(decreases) with A in the case of high d and low ¢, and decreases (increases) with A in cases of
low d or high d and high t.

Proof of Proposition 1: (i) We can prove that 5 g |i=o = 0 and aT;t l[s—a<0 forall 0 <A <1
(A is a positive real number whose value can be arbitrarily small). Because %T is a continuous
function of d on interval [0, 0.55], there exists a d (0<d <0.55) making that %<0 for all
O<d<d' Thus, n; decreases with A in the case of low d. if d is high, there exists A making
that \t 0>(<)0 for all 0 < A<k (A<h < 1) and |t 4<0 for all 0 <A < 1. T is a con-
t1nu0us function of t on interval [0, d]. There ex1st t and ¥ (0<t <t<d) making that
%>(<)0 if 0< )\<)~\,(t) (i(t)<7\, <1 (A(t) meets % roi( =0 and 1(0) = X)) for all 0 <
t<t’, and making that <0 for all ¥'<t < d. Thus, 1, decreases (increases first and then

decreases) as A increases 1f d is high and ¢ is high (low); and (ii) According to (13), n; = 0 if
t =0. Obviously, N} does not depend on A if t+=0. In addition, we can prove that

% li=o = 0 and %|dnmnd,>o>0 for all 0 <A <1 (A is a positive real number whose value
can be arbitrarily small). Because % is a continuous function of d on interval [0, 0.55], there
exists a d’ (0<d”<0.55) making that 6611; >0 for all 0<d<d” if t>0. Thus, n; increases with A
in the case of low d if t>0. In the case of high d, we can prove that |t 0=0, x \HA<0
(A is a positive real number whose value can be arbitrarily small), and W |t=a>0 for all 0 <
A < 1. Because aa% is a continuous function of ¢ on interval [0, d], there exist ¢’ and 7"

(0<t" <t'<d) making that %<0 for all 0<t<t”, and making that %>0 for all "<t < d.
Thus, 1} decreases (increases) as A increases if d is high and #(¢>0) is low (high).

Proof of Proposition 2: We can prove that 2-|;_ = 0 and & |;_.A<0 (A is a positive real
number whose value can be arbitrarily small) for all 0 <A < 1. Because aé)x is a continuous
function of d on interval [0, 0.55], there exists a d”’ (0<d”'<0.55) making that aa <0 for all
0<d<d". Thus, D* decreases with A in the case of low d. If d is high, 22-|,_¢>0 and

aD* |t 4<0 for 0 < A < 1. Because aa% is a continuous function of t on 1nterva1 [0, d], there
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exist " and " (0<t"" < ¥"'<d) making that %>0 for all 0 < t<¢”, and making that aa%*<0
for all #"’<t<d. Thus, D* increases (decreases) as A increases if d is high and ¢ is low (high).

Proof of Proposition 3: We can prove that %' |,_>(<)0 for all 0 < A<A (A <A <1 (A

meets %" |,y = 0)). Because & is a continuous function of d on interval [0, 0.55], there

>(<)0 if 0 < A<k (£) (A ())<h <1 (A (£) meets

exists a d”” (0<d"”<0.55) making that &~

OSW*

X =0 and A (0)=21)) for all 0<d<d””. Thus, SW* increases first and then

A=A (1)
decreases with A in the case of low d. If d is high, there exists A (f) (A (f) meets

OSW*
oL

i 0) making that S| _(>(<)0 for 0< A<i (0) (AL (0)<A<1) and

BW )| >(<)0 for all 0 < A<h (d) (A (d)<A < 1). BW is a continuous function of ¢ on inter-

oh oL

val [0, d]. There exist " and 7" (0<{""<i""<d) making that BW >(<)0 if 0 < A<\ (f)

(h ())<h < 1) for all 0 < t<t" or " <t<d.

# #
Proof of Proposition 4: When d is low, ¥ = 0. In this situation, ag—;<0, @an_}i: 0 and
# . . R
aa%<0. In addition, there exists a A (0<A<1) making that %>(<)0 if 0 <A<h (A<A <1

. #
(X meets as% ‘x:}k = 0)). Thus, as A increases, no# and D* will decrease, nf will not change,

and SW* will increase first and then decrease.

Proof of Proposition 5: According to Proposition 3 (Proposition 4), SW* (SW¥) increases
first and then decreases with A when d is low. There exists a A (0<A<1) making that SW*
(SW#) increases with A for all & € [0, &]. In addition, according to Proposition 2 (Proposition
4), D* (D#) always decreases with A when d is low. Thus, when d is low,
SW* o <SW* |0 SWF LX_O<SW#L€(O,M, D> |, c(q3) and DF|ug>D" It

re(0,4]
follows that Proposition 5 holds.

Proof of Proposition 6: The proof of this proposition is similar to Proposition 5, and we
will not give it here.

Proof of Proposition 7: When d is low, t* = 0. Obviously, it does not depend on A. In
addition, according to the numerical results of t# with different values of A in Table 1, ¥ is
affected by A when d is high. Thus, Proposition 7 holds.

Appendix B. Firms adopt end-of-pipe technology

In basic model, we take into account clean technology. This section assumes that each firm
uses end-of-pipe technology. Let y; denote firm i’s ER&D effort and I(y;) = y?/2 denote the
ER&D cost. It follows that the pollution generated by firm i is: E; = gi—y;, and the environ-
mental tax paid by this firm is: T; = t(g;—y,)">. Similar to the basic model, this section also
considers the linear environmental damage function: D(Ey + E;) = d(Ep + E;). Note that all
other assumptions are the same as basic model. Furthermore, profit and social welfare func-
tions are respectively given by: m; = P(Q)qi—C(q;)—Ti—I(y;) and SW = (qo + q1)*/2 + 1o +
7 + To + T1—D(Ep + E;). Therefore, firm 0’s objective function has the same form as (5) and
firm 1’s objective function is m;"*.

By analyzing the impacts of A on the equilibrium results, we come to the following conclu-
sions. First, consider exogenous ¢t. Compared the findings with clean technology, the impacts
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of A on environment or welfare are similar, but its impacts on ER&D may be different.
Specifically, when firms adopt end-of-pipe technology, public firm’s ER&D decreases with
(does not depend on) A if t<(=)d, and private firm’s ER&D is independent of A. However,
when firms adopt clean technology, public firm’s ER&D may increase first and then decrease
with A, and private firm’s ER&D may increase (or decrease) with A.

Second, consider endogenous f. Comparing the findings with clean technology, the effects
of A on ER&D, environment and welfare are similar if d is low, but its effects on private firm’s
ER&D (or welfare) can be different if d is high. Specifically, when d is high, private firm’s
ER&D (social welfare) always increases (increases first and then decreases) with A when firms
adopt end-of-pipe technology. However, they can decrease with A when firms adopt clean
technology. The above results suggest that when we analyze partial privatization’s impacts on
ER&D and welfare in a pollution industry, we should first clarify the types of emission reduc-
ing technologies adopted by firms and the level of environmental damage caused by produc-
tion in this industry.

Appendix C. The government determines environmental tax after
firms’ ER&D

In case (b) of basic model (see section 5), the government commits to its regulation from the
beginning of the game in which the environmental tax rate can be set before each firm con-
ducts ER&D. This section considers the time-consistent environmental tax policy framework.
The government strategically chooses the optimal tax rate after observing firms’ ER&D efforts
(Garcia et al., 2018; Haruna & Goel, 2019; Leal et al., 2018; Lee & Park, 2021)"°. The stages of
the game are as follows. Each firm decides on its ER&D effort (output) in stage 1 (stage 3),
and the government chooses the environmental tax rate in stage 2'°.

First, consider the situation of low d. In this situation, we obtain the same result as
Proposition 4. Compared with the findings in case (a), we get the same conclusion as that in
section 5.1. Second, consider the situation of high d. We show that as A increases, public (pri-
vate) firm’s ER&D will increase (decrease), environmental damage will increase first and then
decrease and social welfare will increase. Obviously, these results are different from those
obtained in case (a). Thus, even the government strategically chooses t, partial privatization’s
impacts on ER&D (environment and welfare) can still be different under the situations of
exogenous and endogenous .
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