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Abstract

Different environmental policies create different incentives for emission reduction. The
paper examines the effect of two environmental policies, the emission abatement subsidy
and emission tax policies, on a market with manufacturer investment in a green technology
to reduce emission. Compared to environmental taxation, the results show that the sub-
sidy policy offers a greater incentive to abate emission and yields higher industry profit.
However, regarding social welfare, the subsidy policy leads to lower social welfare and
environmental performance than the tax policy when emission is highly damaging to the
environment and emission abatement is sufficiently costly. From the industrial perspective,
increasing technological efficiency is not necessarily beneficial even if it is costless as the
government will adjust the environmental policy accordingly for social welfare optimiza-
tion, may at the manufacturer’s expense. Finally, extensions considering a combined policy
(both subsidy and tax), a multiplicative emission cost function, and the problem in a supply
chain context are performed to check the robustness of the results.

Keywords Sustainable operations - Environmental subsidy and tax - Emission control -
Green technology investment - Game theory

1 Introduction

Environmental issues and their remediation have brought about numerous debates in
both academia and practice. Greenhouse gases, wastewater, and landfills, among others,
are leading to serious environmental deterioration. Facing these issues, governments can
offer subsidies to firms based on their emission abatement activities, e.g., green technology
investments. Alternatively, policy makers can impose taxes on firms discharging emissions
to the environment. This paper discusses two typical environmental policies: subsidization
and taxation and provides managerial insights by comparing difference scenarios. We also
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extend the base model to multiple scenarios including two competition modes (Bertrand
and Cournot), combined policy, as well as supply chain context.

It is common to see environmental taxes and subsidies in practice. As a typical environ-
mental policy, carbon tax has been extensively implemented in European countries includ-
ing Denmark, Netherlands, etc., USA (Oregon, New York and Washington states), Can-
ada (in Alberta, British Columbia and Québec), as well as in Asia (e.g., Japan and India)
(European Environment Agency 2006; Andersen 2010). Germany implements energy taxes
within the framework of the EU Energy Tax Directive (OECD 2018a). Specifically, Ger-
many imposes such taxes on energy products such as petrol, electricity, natural gas, and
diesel (Clean Energy Wire 2019). In 2013, UK launched a tax scheme called Carbon Price
Support, with a rate of €18.05 per tonne emissions of CO, equivalent, to be increased to
€33.85 by 2020. Italy levies taxes on 84% of CO, emissions from energy consumption, and
its environmental tax revenue accounted for 3.57% of GDP in 2014 (OECD 2018b). Since
1991, Sweden has initiated carbon tax program at a rate of €24 per tonne of CO, emis-
sions, rising to €114 per tonne in 2019 (Government of Sweden 2019).

Alternatively, governments can subsidize emission-reducing activities such as product
reuse and recycling, green product design, and pollution treatment (http://www.pollutioni
ssues.com/A-Bo/Abatement.html#ixzz3vCuGDFau). Subsidy has also been an impor-
tant policy in numerous countries for sustainable production, recycling, etc. For instance,
grants and funding have been established in countries such as the USA, France, China,
etc., to support firms’ emission-reducing activities (Lovei 1995; Helmer and Hespanhol
1997; Environmental Protection Agency 2015). In practice, it is common that governments
support firms’ green technology investments in emission reduction by offering a lump-
sum subsidy. For example, Australian government has established the national Emissions
Reduction Fund program to incentivize firms’ emission abatement activities (Australian
Government 2014). Furthermore, Japanese Electric Power Development Company receives
lump-sum grants from the government for its investment in flue gas desulfurization (Inui
2002).

Either the subsidy or tax policy can motivate firms to make efforts in reduction emis-
sions. For example, Ford has developed the world’s largest green roof, adopted geothermal
cooling systems, as well as sustainable fabrics in its vehicles and is the only company to
have won the EPA Energy Star Award twice in a row (Lawson 2017). Another example
is that Nissan invests in producing the less emitting vehicle model, the all-electric Nissan
Leaf in the US market, which is supported by subsidies from the government (American
Recovery and Reinvestment Act 2009). Similarly, General Motor’s plug-in hybrid Chevy
Volt was introduced to the US market.

This paper aims to provide a systematic understanding of the effects of environmental
subsidy and tax policies in a market where the manufacturer invests in a green technology
contributing to emission abatement. The government can choose whether to offer a subsidy
to the manufacturer’s emission abatement or impose an environmental tax on the net emis-
sions after abatement. The subsidy depends on how much emissions can be reduced by the
manufacturer’s green technology, while the environmental tax depends on the actual net
emissions. The main research questions are as follows: when should a subsidy or tax policy
be preferred? Which policy makes emissions abatement more effectively? Which policy is
better for the manufacturer, and results in less emission and higher social welfare? How do
emission abatement efficiency and degree of emission damage affect the industry, environ-
mental performance and social welfare? This paper generates both managerial and policy
insights by examining these questions in various scenarios.
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The remainder of paper is structured as follows. Section 2 briefly reviews the literature.
In Sect. 3, we present the problem studied in this paper. Analysis of three scenarios, includ-
ing a benchmark model with no environmental policy and models with environmental sub-
sidy and tax policies is provided in Sect. 4. Section 5 delivers managerial insights through
analysis and discussions among the three scenarios. Section 6 analyze the case under two
competition modes: Bertrand and Cournot. Section 7 discusses robustness of the results by
extending the base model from different perspectives. Section 8 concludes the paper and
provides some future research suggestions.

2 Related literature

The paper is related to the literature on the integration of environmental concerns into busi-
ness strategies such as green technology innovation (Chan et al. 2018; Fang and Ma 2019;
Saberi et al. 2018), green product design (Chen 2001; Li et al. 2019; Raz et al. 2013),
buyer—supplier relationship (Chan et al. 2018; Xia et al. 2018), and green supply chain
planning and design (Savaskan and Van Wassenhove 2006; Savaskan et al. 2004). Below
we review the existing studies on two types of environmental policies: emission taxes and
abatement subsidies.

First, environmental taxes have been studied since the 1920s (Baksi 2014; Cariou et al.
2019; Chen and Hao 2015; Lombardini-Riipinen 2005; Toshimitsu 2010; Xu et al. 2017).
Alizamir et al. (2016) studied the effect of feed-in-tariffs on the learning and diffusion of
green technologies. Some works focused on how tax and cap-and-trade policies impact a
firm’s technology and capacity choices (Drake et al. 2016; Krass et al. 2013). Yang et al.
(2017) discussed how firms’ cooperation affects supply chain decisions under the cap-and-
trade policy. Bai et al. (2019) analyzed emission reduction with green technology under
cap-and-trade. Unlike these studies focusing on environmental taxation or emission trad-
ing, we consider the case where the government chooses between environmental tax and
subsidy policies facing emission reducing technology investment and discuss the effect
of these environmental policies on the manufacturer’s decisions and profit, environmental
impact and social welfare.

Second, the subsidy policy provides incentives to induce firms to reduce their emis-
sions. Abatement subsidies as an emission control policy (Fredriksson 1998; Lerner 1972;
Polinsky 1979). David and Sinclair-Desgagné (2010) examined the combination of emis-
sion taxes and abatement subsidies and found that taxing emission and subsidizing abate-
ment efforts do not yield the first-best quality outcomes. Arya and Mittendorf (2015)
studied the impact of subsidies on corporate social responsibility. Plambeck and Taylor
(2015) discussed the effect of buyer audit on supplier social and environmental responsibil-
ity without considering government policies. By contrast, we compare the optimal social
welfare under both taxation and subsidy policies and discuss how they affect firm decisions
and profit. Unlike these works, we find either the tax or subsidy policy can be superior
from the perspective of whole society.

Ouchida and Goto (2014) showed that total emission with subsides is lower than in
the laissez-faire case with sufficiently small damage and RandD cost. Cohen et al. (2016)
studied how demand uncertainty affects consumer subsidies for buying green products.
Li et al. (2018) examined the optimal decision and environmental strategy under taxes to
promote greening efforts in a supply chain. Chen and Ulya (2019) discussed environmen-
tal awareness and greening efforts under government reward-penalty policy in a reverse
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supply chain. Unlike these studies, we consider emission abatement subsidies and compare
this policy with environmental taxation. We discuss endogenous decisions on emissions
and abatement, as well as how they vary with respect to government policies and different
parameters. We also extend the analysis to multiple scenarios to check the robustness of the
results. For more review on sustainable operations, we refer to Kleindorfer et al. (2005),
Atasu and Van Wassenhove (2012), Tang and Zhou (2012), Drake and Spinler (2013),
Ovchinnikov et al. (2014), and Lee and Tang (2017).

3 Problem description

Suppose there is a manufacturer serving a market. The manufacturer’s production cost
is ¢ per unit. According to Spence (1976), the relationship between the market price and
demand as.

p=a-fq, (1

where a is the price cap and f is the sensitivity of price to demand. g denotes the produc-
tion quantity and p is the corresponding market price.

Without loss of generality, we assume that, before pollution abatement, the manufac-
turer emits one unit of pollution from producing one unit of product. By investing in a
green technology, the manufacturer can abate pollution emissions by a units, so the net
emission after pollution abatement is e = ¢ — a. We assume this one-to-one relationship
between product quantity and emission amount mainly to facilitate the exposition of the
results and discussion. This one-to-one relationship is also adopted by many other studies
such as Pal and Saha (2015), Poyago-Theotoky and Teerasuwannajak (2002), and Poyago-
Theotoky (2007), to name a few. Furthermore, adding a proportional coefficient will not
qualitatively change our results. The manufacturer incurs a cost of Aa? / 2 due to emission
abatement, depending on the actual amount of emission reduction. The coefficient 4 > 0
indicating the cost efficiency of the manufacturer’s emission abatement. A higher 4 means
that the manufacturer’s emission abatement is more costly (or less efficient). This quadratic
emission abatement cost function suggests that it becomes increasingly costly for the man-
ufacturer to reduce more emissions, which is consistent with the principle of diminishing
returns. Similar emission functions have been widely adopted by previous studies such as
Tsai et al. (2016) and Wang et al. (2016).

Based on Eq. (1), the traditional social welfare without considering environmental pol-
icy and emissions can be formulated as SW" = /Oq [p(x) - c] dx=(a—c)g— % fq>. Con-
sistent with Pal and Saha (2015) and the references therein, the social welfare with envi-
ronmental concern is.

Traditional social welfare =~ Abatement cost ~Environmental damage

—NtN— A

2
SW = (oc—c)q—%ﬁq2 -1 1de2 )

e VA =
2 2

The last term in Eq. (2) represents the environmental damage caused by the actual emis-
sion, with the coefficient d > 0 denoting the degree of production damage. A larger d indi-
cates a higher level of environmental damage from the manufacturer’s emissions. For ease
of exposition, we refer to d as the degree of damage, hereafter. The quadratic damage func-
tion characterizes diminishing returns as it shows that subsequent production emission is
increasingly detrimental to the environment. This modeling of social welfare is extensively
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adopted by prior works such as Poyago-Theotoky and Teerasuwannajak (2002), Poyago-
Theotoky (2007), and Ouchida and Goto (2014).

This damage can be justified in the sense that initial reasonable amount of emissions can
be directly absorbed by nature capacity and thus causes not much damage to the environ-
ment (Ontl and Schulte 2012). However, it would cause increasing damage if the subse-
quent amount of emissions is beyond the nature capacity. A simple example to understand
is that the nature was not damaged much when the level of industrial development is low.
Nowadays, it has been increasingly important to protect the environment from being dam-
aged by more and more emissions that beyond the capacity of nature absorption. This can
also be seen from the facts more and more NGOs, governments, and individuals are calling
for dealing with the climate change and reducing emissions.

The sequence of decisions in the game is as follows. First, the government decides
which policy to select with a purpose of maximizing social welfare. Specifically, the gov-
ernment chooses between two environmental policies: a subsidy or tax, i.e., offers a sub-
sidy rate s on each unit of emission abatement or imposes a tax rate ¢ on each unit of emis-
sion. If the manufacturer’s total emission is g and its abatement is a, it will gain sa under
the subsidy policy or lose e under the tax policy. This is similar to existing studies such
as Pal and Saha (2015) and Tsai et al. (2016). In the second stage, the manufacturer deter-
mines the pollution abatement level, given the government’s policy decision. In the third
stage, the manufacturer chooses the production quantity. This decision sequence reasona-
bly assumes that the government is the game leader in the process of interactions. From the
manufacturer’s perspective, emission abatement involves technology investment, which is
more strategic and longer-term than the wholesale price decision. Thus, the manufacturer
makes the abatement decision followed by setting the wholesale price based on the govern-
ment’s policy. The decision sequence is also described in Fig. 1 below. We solve the game
backwards to ensure sub-game perfection.

Fig. 1 Sequence of decisions The government decides whether to choose
the environmental subsidy. tax policy. or no
environmental policy.

The government sets a subsidy or tax rate if
either policy is adopted.

The manufacturer invests in a green
technology dedicated to emission abatement.
given the government’s policy choice.

v
The manufacturer decides the optimal
production.
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4 Optimal decisions
Based on the above problem, this section analyzes the decisions of the manufacturer and
the government in different scenarios. We first analyze the scenario with no environmental

policy as a benchmark case in Sect. 4.1. Then the scenarios with environmental subsidy
and tax are analyzed, respectively, in Sects. 4.2 and 4.3.

4.1 Benchmark: no environmental policy
Under no environmental policy, the manufacturer’s profit is.
N 1,5,
HM=(p—c)q—§/la, 3)
where the superscript “N” represents the no environmental policy case and subscript “M”

denotes the manufacturer.
Combining Egs. (1) and (3), we can solve the manufacturer’s problem and obtain.

qN:a

—c
26 “)

Based on Eq. (4), we have a" = 0, which shows that the manufacturer will not abate any
emission if no environmental policy is implemented. Based on the results above, we obtain
all other equilibrium outcomes in Table 1 in “Appendix”. In the absence of an environ-
mental policy, social welfare is negative when the manufacturer’s production is sufficiently
damaging (d > 3f). This suggests that an appropriate environmental policy is necessary to
regulate emission.

4.2 Decision under the environmental subsidy policy

This subsection examines the case where the government adopts the environmental subsidy
policy for emission control, under which the manufacturer’s objective is to maximize

1
Hi,,=(p—c)q+sa—5/1a2 5)

where the superscript “S”, represents the subsidy policy. In Eq. (5), the manufacturer per-
forms a emission abatement that costs Aa® / 2 and then receives a total subsidy of sa. This
formulation of environmental subsidy is based on emissions reducing performance, which
is consistent with real practice. For example, Australian government has established the
Emissions Reduction Fund to incentivize firms’ emission abatement activities (Australian
Government 2014), and Japanese Electric Power Development Company receives lump-
sum grants from the government for its investment in flue gas desulfurization (Inui 2002).
This modeling of environmental subsidy is extensively adopted by existing literature such
as David and Sinclair-Desgagné (2010), Pal and Saha (2015), and Tsai et al. (2016).

Maximizing Eq. (5) with respect to ¢, the manufacturer responds to the government
subsidy as following:
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S a—c

7= 26 ° (6)

which suggests that production quantity is invariant with respect to the subsidy, implying
that the manufacturer does not pass any subsidy on to consumers, so demand quantity is
not affected by the subsidy.

Based on Eq. (6), the manufacturer then determines the abatement level at

a(s) = = )

where Eq. (7) suggests that the manufacturer’s emission abatement is higher when the gov-
ernment offers a greater subsidy.

Knowing the responses of the manufacturer, the government sets a subsidy to maximize
social welfare that equals the sum of the manufacturer’s profit (HL) and consumer surplus
Ol / 2), minus subsidy expenditure (sa) and monetized environmental damage (de> / 2).
Solving the government’s objective, we derive the optimal subsidy as.

_Ad(@—o¢)
ST G+ ) ®)

which shows that the government’s subsidy increases when the emission abatement
becomes costlier or the production emission is more environmentally damaging, i.e.,
0s/dd > 0 and ds/0A > 0. When the manufacturer’s technology is extremely inefficient
(A = +c0), there is no abatement (a® = 0), which suggests that the subsidy policy reduces
to the case of no environmental policy. Substituting Eq. (8) backwards, we can obtain all
other equilibrium values, which are summarized in Table 2.

Regarding gross emission, we have dg° / od =0 and dg° / 04 = 0. Since the manufac-
turer does not pass the subsidy on to consumers, the emission abatement efficiency and
degree of damage have no impact on demand. For the manufacturer’s emission abate-
ment, we have da’ / od > 0 and da’ / 04 < 0. This suggests that, under the subsidy policy,
emission abatement is higher when its production damage is higher. The reason is that
the higher subsidy induces the manufacturer to invest more in emission abatement. It also
demonstrates that the amount of emission abatement decreases when it becomes costlier.

Like the benchmark model, negative social welfare arises when A and d is sufficiently
large under the subsidy policy. Specifically, under the subsidy policy, we have (i). If
A <3B, SWS > 0. (ii). If A > 38, SWS > 0 for d < 38A/(A—3p), and SWS < 0 otherwise.
Negative social welfare never occurs when the manufacturer’s emission abatement is suf-
ficiently efficient because the emission can be reduced without incurring a high cost, i.e.,
the environmental damage of the emission can be controlled. However, when costly emis-
sion abatement and high degree of environmental damage, we can see that the emission
is high and the resulting environmental damage is severe, which hurts the entire society.
This result generates the implication that environmental subsidy helps reduce emissions,
while it may not be able to avoid hazardous scenario with negative social welfare due to no
control on the amount of gross emissions. Next, we shall discuss the case of environmental
taxation which has a different consequence.

4.3 Decision under the environmental tax policy

Under environmental taxation, the manufacturer maximizes its profit given by.
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1
HAT/I =(p—c)q—te— Elaz, 9)

where the superscript “7” denotes the tax policy. From Eq. (9), the manufacturer’s emis-
sion abatement incurs a cost of 1a? / 2, leading to net emission of e and a total tax of te. The
formulation of environmental taxation is consistent with the practices of various countries.
For example, UK launched a tax scheme called Carbon Price Support in 2013, with a rate
of €18.05 per tonne of CO, emissions, which is to be increased to €33.85 by 2020. Italy
levies taxes on 84% of CO, emissions from energy consumption, with the environmental
tax revenue accounting for 3.57% of GDP in 2014 (OECD 2018b). Since 1991, Sweden has
initiated carbon tax program at a rate of €24 per tonne of CO, emissions, rising to €114 per
tonne in 2019 (Government of Sweden 2019).
Based on Eq. (4), we can solve Eq. (9) for g as

—c—t
q'0 =" (10)

which implies production quantity decreases with respect to the tax, i.e., the manufacturer
transfers part of the tax burden to end consumers, which is in contrast to the case of no
pass-through under the subsidy policy. Then, the manufacturer determines the abatement
level based on Eq. (10) at.

a(t) = % an

Equation (11) suggests that the manufacturer abates more emissions when the govern-
ment levies a higher tax. Anticipating the above responses, the government sets an optimal
tax to maximize the social welfare which equals the sum of manufacturer profit (HL), con-
sumer surplus (f¢> / 2) and tax revenue (fe), minus environmental damage (de? / 2). Solv-
ing the government’s objective yields the optimal tax as.

AQ2pd—prt+di)(a—c) d>dl
= AP2d+4 2 A+4PdI+pA2+d A2’ (12)
0, d<d’’

where dT = f1/(2f + A). Note that, when d < d”, we have t = 0, which means no tax is
imposed on the manufacturer if its production causes sufficiently low environmental dam-
age. Thus, the tax policy with d < d” reduces to the no environmental policy case. To focus
on the effect of taxation, hereafter we focus on the tax policy with a positive tax (d > d7).
Based on the optimal tax, we can derive other equilibrium values, summarized in Table 2.
Unlike the subsidy policy, the tax policy always leads to positive social welfare (SWT > 0).
Based on Eq. (12), we have (i). dt/dd > 0; (ii). 0t/0A <0 for dT <d < d,, and
/M(4ﬂ+ﬂ+\/m )
2(4p2+4pA+22) ’
Intuitively, this suggests that the government tends to set a higher tax when the manufac-
turer’s production is more detrimental to the environment. Next, the optimal tax is non-
monotonic with respect to the manufacturer’s emission abatement cost efficiency, depend-
ing on the degree of damage. Specifically, when the degree of damage is low, the
government’s tax will decrease if its emission abatement is costlier. This is because, with
low degree of damage, the government focuses more on economic efficiency by decreasing
the tax to promote production when its emission abatement is costlier. However, with suffi-
ciently high degree of damage, the government is more concerned about environment and

0t/dA > 0 otherwise, with equality holding at d = d,,, where d;, =
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suppresses production by increasing the tax. The implication from this result suggests that
the government should trade off between environment conservation and economic develop-
ment when choosing a tax policy.

Regarding gross emission, we have (i). d¢” /dd < 0. (ii). dg” /a4 > 0 for d” < d < d,,
and dq” / 04 < 0 otherwise, with equality holding at d = d,,. This suggests that the tax is
higher and the manufacturer passes partial tax on to consumers, leading to lower demand
when the manufacturer’s production causes more environmental damage. The reason for
result (ii) is that the quantity change is oppositely related to tax variation. Similar to the
subsidy case, we have dg” / od > 0 and oq" / 04 < 0, which show that the manufacturer’s
emission abatement increases with respect to its production damage. This is because a
higher tax forces the manufacturer to invest more in emission abatement. Together with
the corresponding result under subsidy, this result indicates that the amount of emission
abatement decreases when the manufacturer’s emission-reducing technology investment
becomes less efficient, regardless of the government’s policy choice.

5 Analysis and discussions

Based on the optimal decisions obtained in Sect. 4, this section first presents some theoreti-
cal properties of the results; and then gives the comparative analysis among different sce-
narios, which delivers important managerial insights for managers and regulators.

Lemma 1 &5 (¢7) increases in A but decreases in d.
Proof See “Appendix”. O

Lemma 1 suggests that, whether the government adopts a subsidy or tax policy, net
emissions always decrease when production emissions are more detrimental or the emis-
sions abatement is more efficient. Under subsidization, gross emission remains invariant
whereas emission abatement always decreases in 4, which leads to increased net emission.
Under the tax policy, gross emission either increases or decreases in 4, whereas emission
abatement always decreases with respect to A. Overall, we find that the decrease of emis-
sion abatement in 4 dominates in deciding the variation of net emission, regardless of
which policy is adopted. As d increases, the manufacturer’s production decreases under
taxation (and is invariant under subsidization), whereas the manufacturer’s emission abate-
ment increases under both policies. Thus, we show that net emission always decreases in
the degree of environmental damage d. The insight from this result is that higher (lower)
environmental damage always leads to less (more) emissions, irrespective of the govern-
ment’s policies.

Proposition 1 Regarding the manufacturer’s profit, we have

(i) oI, /od > 0.

(i) oIy, /04> 0ifd > A, with equality holding at d = 4; otherwise, 9113, /04 < 0.
(i) oI’ /od < 0.
(iv) on! /04> 0ford” <d <d andoll! /04 < 0 ford > d,, with equality holding at

d = d,, where d, is the largest root of
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—Q2B+ M = 3BAA4B + N2 + A)*d?
+B7 A7 (604> + 364+ 54%)d — > 1> (208 +74)

Proof See “Appendix”. O

Under the subsidy policy, the manufacturer’s profit increases with the degree of damage
(Proposition 1(i)). This is because two effects arise when the degree of damage is higher.
First, the government offers a higher subsidy, which benefits the manufacturer. Second,
the higher subsidy also induces more emission abatement, which makes the manufacturer
incur higher cost. The first effect is positive, while the second is negative to the manufac-
turer’s profitability. Our results suggest that the positive effect always dominates the nega-
tive one, and thus the manufacturer benefits when its emission has a higher degree of dam-
age under the subsidy policy (Fig. 2a). The implication from this result is that under the
subsidy policy, the manufacturer has an incentive of overestimating the harmful effect of
its emissions to request more subsidies from the government.

By contrast, Proposition 1(ii) suggests that when the manufacturer’s emission abatement
becomes costlier, it will accrue higher (lower) profit if the degree of damage is high (low).
This can be explained as follows. The government will offer a higher subsidy if the manu-
facturer’s emission abatement is costlier. Whether the increase of subsidy outweighs the
increase of abatement cost depends on how environmentally damaging the manufacturer’s
production is. Specifically, when the degree of damage is sufficiently high, we find that the
subsidy is enough to cover the emission abatement cost because, to prevent severe environ-
mental damage, the government offers a very high subsidy to induce emission abatement;
otherwise, the manufacturer earns less profit when its emission abatement becomes cost-
lier (Fig. 2b). Interestingly, this result indicates that improving the efficiency of emission
abatement is not necessarily beneficial to the manufacturer. Specifically, higher efficiency
of emissions reduction worsens the manufacturer’s performance when the degree of envi-
ronmental damage is sufficiently high under the subsidy policy.

Unlike the subsidy policy, the manufacturer’s profit decreases as the degree of environ-
mental damage increases under the tax policy because the government sets a higher tax
when the manufacturer’s production is more damaging to the environment, which lowers

Subsidy Tax

----- Benchmark Tax + ==+ Benchmark

Subsidy

22

0 2 P P 2 10 0 5 10 15 20
n

d
(a) The impact of the degree of environment damage (b) The impact of the abatement efficiency (d =0.9)

Fig.2 Variation of the manufacturer’s profit with respect to d and 4
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its profit (Proposition 1(iii)). The increase of tax further raises prices, which reduces the
manufacturer’s profits even more (Fig. 2a). Proposition 1(iv) reveals that the manufactur-
er’s profitability is non-monotonic in its emission abatement cost efficiency, while the vari-
ation mode is contrary to the subsidy policy case. Specifically, if the manufacturer’s degree
of damage is sufficiently low (d” < d < d,), the manufacturer will accrue more profit when
its emission abatement costs increase because the manufacturer benefits from a lower tax.
The opposite result occurs with a high degree of environmental damage (d > d,) (Fig. 2b).
This result implies that under the tax policy, improving the abatement efficiency does not
pay off for the manufacturer when the degree of environmental damage is sufficiently low,
which is in stark contrast to the subsidy policy.

In summary, the analysis of Proposition 1 provides useful managerial and policy
insights. First, in an industry that produces sufficiently highly environmental damaging
products, the manufacturer benefits from the subsidy policy but gets hurt under a tax policy
when the degree of environmental damage is higher. This further implies that the manufac-
turer might have an incentive to deliberately exaggerate (underestimate) its degree of dam-
age if the subsidy (tax) policy is implemented by the government. Second, improving the
efficiency of emission abatement can either be beneficial or harmful to the manufacturer,
depending on the government’s policy choices (tax or subsidy) and degree of environmen-
tal damage. In particular, the manufacturer does not have incentive to improve the emission
abatement efficiency if the degree of environmental damage of its emissions is sufficiently
high (low) under the subsidy (tax) policy. This implies that, before deciding whether to
improve its efficiency of emission abatement, the manufacturer needs to make a decision
that is contingent upon the government’s policy choices and estimate how damaging its
emission is.

In terms of social welfare, we have dSW? /dd < 0 and 9SW" /04 < 0(Y = S,T), which
show that social welfare declines as the degree of environmental damage becomes higher
or its emission abatement cost rises, irrespective of the government’s policy decision.
Based on the social welfare formation (Eq. 2), this result naturally follows as increasing
d (A) causes greater environmental damage (abatement cost) under both environmental
policies.

5.1 Comparative analysis

In this subsection, we examine which policy should be preferred, and how the result
changes if the policy focus switches between environment and economy, by comparing the
equilibrium values of the two environmental policies. Specifically, we have the following
results.

Lemma 2 Comparing price and quantity decisions, we have p" =pS<p? and
= >q"

Proof See “Appendix”. O

In the presence of pass-through (Eq. 10), the prices under the tax policy are higher than
that under the subsidy policy. This naturally leads to a higher production under the subsidy
policy than under the tax policy. Without pass-through, the price and quantity results under
the subsidy policy are the same as the no policy case. This result indicates that the tax
policy has a stronger effect on curbing production (emissions) compared to the subsidy.
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Lemma 3 Under the subsidy policy, the manufacturer has a higher emission abatement
incentive than under the tax policy, i.e., AS > AT > AN = 0.

Proof See “Appendix”. O

Lemma 3 suggests that the manufacturer will actually reduces emission under either
policy, while it has a higher incentive to do so under subsidization. The rationale is as
follows. First, the subsidy is fully absorbed by the manufacturer, which implies that the
entire subsidy contributes to emission abatement straightforwardly. However, the envi-
ronmental tax is partially transferred to consumers and thus is not fully used for emission
reduction (the transferred tax contributes to curbing total production/emission). Secondly,
due to the pass-through under the tax policy, the government needs to trade off between
loss of economic efficiency and emission reduction while imposing an emission tax, while
this concern does not exist under the subsidy policy. This difference makes the govern-
ment more conservative in imposing an emission tax, but more aggressive in providing an
abatement subsidy: the optimal subsidy rate is higher than the optimal tax rate. Thus, it is
sensible that the manufacturer has a larger abatement incentive under the subsidy policy
than under the tax policy. This result implies that, when deciding which environmental
policy to implement, the government should realize that the subsidy policy always provides
a greater abatement incentive than taxation, while but it does not restrain the gross produc-
tion (emissions) as under the tax policy.

Proposition 2 Regarding net emission, e’ <eS<eéeV if 1> (\/5— 1>ﬂ and
d>dy(> dTQ, with equality holding at d=d,; otherwise, 5 <eT < eV, where
A)

_ _—PI2B
dy = —A2-2pA+2p%"
Proof See “Appendix”. O

Proposition 2 demonstrates that both policies contribute to emission reduction, while
the no policy case always leads to the highest emission due to no abatement. Compared
with the tax policy, the net emission under the subsidy p)olicy is higher when the manu-

facturer’s abatement is sufficiently costly (4 > (\/5 —1)p) and its production is highly

damaging (d > d,) (see Fig. 3). The reason is that, when the degree of damage and
abatement cost are high, the restraint of total production under the tax policy is strong
due to the pass-through, which does not exist under the subsidy policy. Despite the
higher abatement level under the subsidy policy, this restraint on total production is sig-
nificant enough to make the net emission lower under the tax policy; otherwise, net
emission under the subsidy policy is lower than that under the tax policy. A direct impli-
cation from this result is that, from the viewpoint of environmental conservation, either
the subsidy or tax policy can be better for reducing emissions. Specifically, the tax pol-
icy is better than the subsidy policy if the degree of damage is sufficiently high and
emission abatement is costly enough; otherwise, the subsidy policy should be preferred.

Lemma 4 The manufacturer’s profits under different cases are ranked as Hf4 > Hlﬂ\; > HL

Proof See “Appendix”. O
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Fig.3 Comparisons of net emission under different cases

The manufacturer’s profit is lowest under the tax policy across all three cases. This is
because of the pass-through effect under the tax policy but not under the subsidy policy.
Furthermore, under the subsidy policy, the manufacturer keeps the entire subsidy, and
thus accrues higher profit than the no policy case (Fig. 3). This result indicates that,
from the manufacturer’s perspective, the subsidy policy always generates higher profit
than the no policy case, which in turn is better than the tax policy.

Proposition 3 SWY < SWS < SWT if 4 > <\/ 17 - 1)/3 / 2 and d > d,, with equality
pA(-3p-24-V/255+5p4)
2(4—pi-2)

holding at d = dy; otherwise, SWN < SWT < SW*, where d, =
Proof See “Appendix”. O

Proposition 3 compares social welfare levels under different policies, which is also
illustrated by Fig. 4. First, social welfare under the subsidy or tax policy is higher than
that under the benchmark case, which suggests that either the subsidy or tax policy is
better than the no policy case, from the perspective of social welfare. Furthermore, the
tax policy yields a higher social welfare than the subsidy policy when the manufactur-
er’s emission abatement is very costly enough (4 > \/ﬁ —-1)p / 2) and the degree of

damage is high (d > d,). Based on social welfare formation, there are three components:
traditional social welfare, abatement costs, and environmental damage. First, compared
to the tax policy, the emission abatement cost under the subsidy policy is higher, which
lowers social welfare, as Lemma 3 shows. Second, traditional social welfare is higher
under the subsidy policy than under the tax policy because of the tax policy’s pass-
through which restricts quantity, as in Lemma 2. Third, net emission under the subsidy
policy can either be higher or lower than that under the tax policy, as Proposition 3 sug-
gests. Overall, our results suggest that the tax policy yields higher social welfare when
emission abatement is costly enough and degree of damage is sufficiently high, which is
because the higher net emission under the subsidy policy causes much higher

@ Springer



18 Annals of Operations Research (2022) 316:5-32

environmental damage, which leads to lower social welfare than the tax policy. This
comparative result provides an implication for practice in that it demonstrates under
what circumstances the government should implement an environmental tax or subsidy
policy based on the consideration of both economic development and environment
conservation.

This result implies that the government’s choice of environmental policy for social
welfare maximization critically depends on two important factors: abatement cost effi-
ciency and degree of damage. When both are sufficiently high, then the tax policy should
be adopted for emission regulation, especially when the government also has financial
concern.

6 Analysis under competition

In this section, we extend our base model to the case with competition. Specifically, we
examine two competition modes: Cournot and Bertrand.

6.1 Analysis under Cournot competition

We first analyze the case of Cournot competition where two firms (firm 1 and firm 2)
engage in quantity competition. Suppose that firm 1 and firm 2 produce two substitutable
products, product 1 and product 2, respectively. Following Singh and Vives (1984), we
employ the stylized quadratic concave utility function expressed by.

1 - L
U(g: 4;) = a(g; + ;) = Eﬂ(qf +204,4; +q_?>, ij=1, 20 #] (13)

witha > 0, f > 0, and 6 € (0, 1) measuring reservation utility and the degree of substitut-
ability between product i and product j, respectively. Thus, consumer surplus after purchas-
ing g, units of products at price p; per unit is given by.

CS(%', CIj) = U(‘Ii’ ‘Ij) - (piqi +quj)= Lj=1,2i#] (14)
Maximizing consumer surplus yields

Pi(‘]i’ ‘]j) =a; - ﬁ(‘]i + 9‘],‘), Lj=1,2i#] (15)

6.1.1 Analysis of the environmental subsidy

This section examines the case where the government adopts an environmental policy for
emission control. Specifically, the government chooses between two environmental pol-
icies: a subsidy or tax. Suppose the government offers a subsidy rate s on each unit of
emission abatement or imposes a tax rate ¢ on each unit of emission. If a manufacturer’s
total emission is g; and its abatement is a;, it will gain sa; under the subsidy policy or lose
t(qi - ai) under the tax policy, similar to previous works such as Pal and Saha (2015) and
Tsai et al. (2016).

We first consider the case where the government implements a subsidy policy, under
which the manufacturer’s objective is to maximize
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1 .. S
12 = (py(gi 4;) — )i + st — Eﬂaf, ij=12i#j (16)

where the superscript “SQ” denotes the subsidy policy under Cournot (Quantity) competi-
tion. In Eq. (16), the manufacturer’s emissions abatement costs /lal.z / 2 and then it receives a
total subsidy of sa; based on its performance in emissions reduction.

Maximizing Eq. (16) with respect to g;, the manufacturer responds to the government sub-
sidy as qiSQ = (a — ¢)/(B(@ + 2)), which shows that production quantity is invariant with
respect to the subsidy, implying that the manufacturer does not pass any subsidy on to con-
sumers, so demand quantity is not affected by the subsidy. Then, the manufacturer then deter-
mines the abatement level at aisQ = s/ A, which suggests that the manufacturer’s emission
abatement is higher when the government offers a greater subsidy. Knowing the responses of
the manufacturer, the government sets a subsidy to maximize social welfare. Solving the gov-

5 : . . . . SO _ 2Ad(a—c) .
ernment’s objective, we derive the optimal subsidy as s Tor0ar Based on this, we can

obtain all other equilibrium values, which are summarized in Table 3.

Based on these equilibrium results, it can be easily checked that the previous results
in base model qualitatively carry over to the case of Cournot competition. For the sake of
space limitation, we shall not repeat them here. However, we proceed to discuss the effect
of competition under the subsidy policy and Cournot (quantity) competition on various
equilibrium outcomes in the following result.

Proposition 4 The effect of competition on the equilibrium results under subsidy and

.. . . op? ... 0g¢ ey 055C RN
Cournot competition is as follows: (i) =5 < 0; (i) -5 < 0; (ii1) - < 0; (iv) = < 0; (v)
()efg < 0( ) OHLQI. < 0( ) ISWSQ <0
90 » 1 a9 > (vt 90 :

Proof See “Appendix”. O

Proposition 4 suggests that, when the level of competition is higher, both product price
and quantity decrease, which means that level of gross emissions is lower. In this case, it
is less imperative for the government to subsidize the manufacturer, so the level of subsidy
declines with more intense competition. With a lower subsidy, the manufacturer’s incentive
of reducing emissions is lower, so the amount of emission abatement decreases with more
intense competition, which also leads to lower net emissions. From the manufacturer’s per-
spective, we find that more intense competition would decrease the manufacturer’s profit
due to less profit and subsidy. While the level of discharged emissions is less with more
intense competition, which as our results shows, would also reduce social welfare. The
implication from this result is that more intense competition does not necessarily beneficial
to the manufacturer or society under the subsidy policy and Cournot competition.

6.1.2 Analysis of the environmental tax
Under environmental taxation, the manufacturer maximizes its profit given by.

Me = (pila q) = )a,—tla—a) - 33 Lj=12i% a7
where the superscript “TQ” denotes the tax policy under Cournot (Quantity) competition.
The manufacturer’s emission abatement a; incurs a cost of Aa? / 2, leading to net emissions

of e; = g; — a; and tax oft(ql- - ai).
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Based on Eq. (17), we can solve for g; as qiTQ = (a — ¢ — /(B0 + 2)), which implies pro-
duction quantity decreases with respect to the tax, i.e., the manufacturer passes partially the
tax onto final consumers, in contrast to the case of no pass-through under the subsidy policy.
Then, the manufacturer determines the abatement level at aiTQ = t/ A, indicating that the man-
ufacturer’s emission reduction is more when the government levies a higher tax. Anticipating
the above responses, the government sets an optimal tax to maximize the social welfare, which
yields the optimal tax as.

M2PdO+2d A+ABd—BA)a—c) d> d’e
10 = {  (B+BO-+20) 2 +(f 02 +4520+4Pd0+45+85d) J+252(0+2)°d (18)
0 d<d™
TQ — ___bA
where &' = 5

Note that when d < d72, we have 72 = 0, which means no tax is imposed if the manufac-
turer’s production causes sufficiently low environmental damage. In this case, the tax policy
degenerates to the no environmental policy case, same as before. To focus on the effect of
taxation, hereafter we focus on the tax policy with a positive tax (d > d’9). Based on the opti-
mal tax, we can derive other equilibrium values, summarized in Table 3. Unlike the subsidy
policy, the tax policy always leads to positive social welfare (SW7€ > 0).

We continue to analyze the effect of competition under the tax policy and Cournot (quan-
tity) competition on equilibrium outcomes in the following result. Compared to the case of
the subsidy policy, we can see that under the tax policy, the main results remain qualitatively
in terms of prices and quantities, profits as well as social welfare. Furthermore, comparing
the tax policy to the subsidy under Cournot competition, we find that the comparative results
of the base model qualitatively carry over to the case of competition. Therefore, we shall not
repeat them here for the sake of space limitation. Next, we also check the robustness of base
results by analyzing the case of Bertrand Competition. Due to space limitation, we will only
show the essential results.

6.2 Analysis under Bertrand competition

In this section, we shall check whether the results under Cournot (quantity) competition mode
carry over to the Bertrand competition where the firms compete in prices. To this end, we
need to invert Eq. (15) to express the demand functions with prices as decision variables:

(I = p)a —p; + Pp;
1—p?

4:(pi-p;) = . Lj=L2i#] (19)

6.2.1 Analysis of the environmental subsidy

This section examines the case where the government adopts an environmental policy for
emission control. Specifically, the government chooses between two environmental policies: a
subsidy or tax. Suppose the government offers a subsidy rate s on each unit of emission abate-
ment or imposes a tax rate ¢ on each unit of emission. If a manufacturer’s total emission is g;
and its abatement is a;, it will gain sa; under the subsidy policy or lose 7(g; (p;. p;) — a;) under
the tax policy, similar to previous works such as Pal and Saha (2015) and Tsai et al. (2016).

We first consider the case where the government implements a subsidy policy, under which
the manufacturer’s objective is to maximize.
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1 .. .,
Hf,z = (pl- - c)qi(pi, pj) + sa; — E/laiz, i,j=1,2;i#] (20)

where the notations are the same as before except that the superscript “SP” denotes the
subsidy policy under Bertrand (price) competition. Maximizing Eq. (20) with respect to
prices, we have pr =({(1-pa+c)/(2—p), implying that prices are invariant with
respect to the subsidy, so the manufacturer does not pass any subsidy on to consumers and
demand is not affected by the subsidy. Then, the manufacturer then determines the abate-
ment level at @ = s/A, which suggests that the manufacturer’s emission abatement is
higher when the government offers a greater subsidy. Knowing the responses of the manu-
facturer, the government sets a subsidy to maximize social welfare. Solving the govern-
ment’s objective, we derive the optimal subsidy as s5° = 2dd(@=c) Based on this, we

. —_ , T (+A)2-A2d)’
can obtain all other equilibrium values, which are summarized in Table 4.

6.2.2 Analysis of the environmental tax

Under environmental taxation, the manufacturer maximizes its profit given by.

H% = (Pi - C)%‘(l’i’ Pj) - t[%‘(l’i’ Pj) - ai] - %Aaiz’ Lj=1,2i#]j 2n
with same notations as before except that the superscript “TP” denotes the tax
policy under Bertrand (price) competition. Based on Eq. (21), we can solve for
piTP =((1-pPa+c+1)/(2— p), which implies product prices decrease with respect to
the tax, i.e., the manufacturer passes partial tax onto final consumers, unlike the case of no
pass-through under the subsidy policy. Then, the manufacturer determines the abatement
level at aiTP = ¢ / 4, indicating that the manufacturer’s emission reduction is more when
the government levies a higher tax. Anticipating the above responses, the government sets
an optimal tax to maximize the social welfare, which yields the optimal tax as.

A2Q2+p-F+4)d—(1-p)|@-0) U
=9 B+2d+DA2+(L+ 52— P)(2+p— B2 +4d)A+2d(1 + )*(2 - I
0,d<d™”
(22)
where d7F = (1=7)2 Note that, when d < d’7, we have 'F = 0, which means no tax is

2(2+p-p2+2)"
imposed if the 1(nanufact31rer’s production causes sufficiently low environmental damage. In
this case, the tax policy degenerates to the no environmental policy case, same as before.
To focus on the effect of taxation, hereafter we focus on the tax policy with a positive tax
(d > d™). Based on the optimal tax, we can derive other equilibrium values, summarized
in Table 4. Unlike the subsidy policy, the tax policy always leads to positive social welfare
(SWTP > 0).

Based on Table 4, we can check the robustness of the main results in base model under
Bertrand competition by comparing the subsidy to the tax policy. Comparing to the base
model, again we find that the main results of the base model qualitatively carry over to the
case of Bertrand competition as well.
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Fig.4 Comparisons of social welfare under different cases

7 Extensions

This section presents some possible extensions for the model, including a hybrid policy
combines both subsidy and tax, a multiplicative emission function, and the analysis in a
supply chain context.

7.1 Combined policy

In practice, it is possible that government implements both subsidization and taxation. In
Canada, Alberta’s Climate Leadership Plan includes both Carbon levy and rebates (Alberta
Government 2017). Thus, it is also worthwhile to examine a mixed policy combining the
two policies together to see how they interact with each other. To include this scenario, we
conduct analysis by investigating such a mixed policy with both taxation and subsidization.
To achieve this purpose, we employ both the subsidy and tax terms from Egs. (5) and (9),
with the same solution procedure and analysis as before. All the equilibrium outcomes are
shown by Table 5 in “Appendix”.

With a hybrid policy, we find that the government sets the subsidy (tax) rate less than
that of the pure subsidy (tax) policy due to the joint interactive effect of subsidization and
taxation. Consequently, this joint effect will lead to the scenario where emission abatement,
product quantity, price, emission, and the profit are between those under subsidization and
taxation. Besides, we also obtain new results regarding subsidy, tax, product quantity, the
manufacturer’s profit and social welfare, which are given below, with the superscript “C”
denoting the combined policy.

Lemma 5 With a mlxed policy, we have (l) L) and ‘< 0; (11) >0 nd N 0;
(iii). q <0 and < 0.

Proof See “Appendix”. O
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With higher degree of environmental damage or cost of emission abatement, the sub-
sidy becomes lower while the tax increases. The underlying logic is that the subsidy can-
not curb gross emission due to no pass-through (Lemma 2), while the tax can control both
gross emission and abatement. Besides, the tax increase in turn makes quantity decrease
when degree of damage becomes higher or emission abatement is costlier. This result
implies that the government relies more on taxation than subsidization in the process of
implementing a mixed policy when the degree of environmental damage or cost of emis-
sion abatement is higher.

C C
Proposition 5 Under the mixed environmental policy, we have ‘T—dM < 0and (TTM < 0.
Proof See “Appendix”. O

Proposition 5 suggests that the manufacturer always performs worse when the degree
of environmental damage or cost of emission abatement becomes higher. This naturally
follows from Lemma 5 as the decreased subsidy and increased tax both make the manufac-
turer’s profit lower. Furthermore, social welfare is always positive, which suggests that the
hybrid policy enables the government to avoid the hazard zone as under the single subsidy
policy by setting an appropriate tax rate. Also, social welfare under the mixed policy is
highest compared to the pure subsidy or tax policy. This indicates that the government has
the flexibility to achieve the optimal social welfare by using a hybrid policy. The implica-
tion is that the government should use both policies, if possible, to make use of flexibility
and achieve the optimal social welfare.

7.2 Multiplicative emission function

In the base model, we have discussed the additive emission function E = g — a to be con-
sistent with prior studies (Ouchida and Goto 2014; Pal and Saha 2015; Poyago-Theotoky
2007; Tsai et al. 2016). However, it is also worthwhile to investigate an alternative scenario
with a multiplicative emission function E = g(1 — a). In this section, we examine this case
as an extension. The solution procedure and analysis the same as before, except that the
emission reduction function has been switched from multiplicative to additive relationship.
All the equilibrium outcomes are shown by Table 6 in “Appendix”. It can be verified that
all our analyses and discussions with the additive emissions function carry over well to the
case of the multiplicative emission function qualitatively.

7.3 Analysis in a supply chain context

We further extend the based model to a supply chain where the manufacturer distributes
products through an independent retailer who decides the quantity of products to order
according to the market demand and resells to final consumers. Specifically, we consider
a supply chain in a three-stage game where the government makes policy decisions, the
manufacturer decides the wholesale price and pollution abatement level, and the retailer
chooses order quantity. All the equilibrium outcomes are shown by Table 7 in the “Appen-
dix”. By examining these results, we confirm that the results of the base model still hold in
the supply chain case. Besides, we also find that double marginalization is intensified under
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the tax policy while unchanged under the subsidy policy. This is because the manufacturer
transfers half of the tax burden to the downstream retailer under the tax policy, while does
not pass any subsidy onto the retailer under the subsidy policy. Thus, the tax policy leads to
lower profits for both the manufacturer and retailer, and thus lower supply chain efficiency.

8 Concluding remarks

This paper examines the impact of two environmental policies: emission abatement subsidy
and emission tax. We find that the subsidy policy induces the manufacturer to reduce more
emission than the tax policy. Nevertheless, the subsidy policy does not always result in
lower net emission than the tax policy because the pass-through effect of the latter restrains
total emission, while the subsidy policy does not. We show that net emission under the
subsidy policy exceeds that of the tax policy when emission abatement is costly enough
and the production emission is sufficiently damaging to the environment. This provides a
guideline for policy makers focused on improving environmental performance.

We also find that the manufacturer benefits more from the subsidy policy than the tax
policy. Interestingly, the manufacturer is not incentivized to improve emission abatement
efficiency under the subsidy (tax) policy when the emission damage is high (low), even if
it is costless. Our results also reveal that when the manufacturer’s emission abatement cost
and environmental damage are sufficiently high, the tax policy is better. Otherwise, the
subsidy policy is preferred. If government’s financial concern while implementing envi-
ronmental policies is considered, our results indicate that the efficacy of subsidy should be
reduced while the tax policy performs better as the former constitutes a cost while the latter
brings revenue to the government. Furthermore, we have extended the base model to multi-
ple scenarios to examine how the results of the base model change and obtained additional
new results.

Regarding future research, we also recommend several possible directions. First, mar-
ket uncertainty can be introduced to assess how this could affect environmental policies
and their effects on other decisions. Second, examining competition between supply chains
can be fruitful as it can assess its effect on various decisions. Finally, other policies such
as emission standards and trade permits are worthwhile factors and their examination in a
similar context could yield valuable insights.

Appendix: Tables and Proofs

See Tables 1, 2, 3,4, 5,6 and 7.
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Table 1 Optimal solutions under

. . Abatement level 0
no environmental policy
Price ate
2
Order quantity az__z;
Net emission i
28
Manufacturer’s profit (a=c)*
4p
Social welfare Bp=d)(a—c)®
842
Table 2 Equilibrium outcomes for the subsidy and tax policies
Subsidy policy Tax policy
Subsidy rate Ad(a=c) NA
26(3+d)
Tax rate NA AQpd—pit+dA)a—c)
Q2P+ d+AP>A+B A
Abatement level dla=c) (2Bd—pit+dA)(a—c)
2p(A+d) (2+AY d+452 A+ A2
Price ate A
2 2B+ d+AP2 A+5A2
Production quantity =< (d+)2p+1)(a=c)
28 Qp+AY d+4f2 A+p A2
Net emission Aa—=c) AGBB+N)(a—c)
2p(A+d) QB+1)2d+Ap2 A+p 22
Manufacturer’s profit [(+28)d> +4pAd+2p 4] (a—c)’ B ;
82 (A+d)’ 2[Q@p+A 2 d+4p2 i+ 22
Social welfare (3pd+3pr—d D) (a—c)® (d+ DB+ a—c)
86%(A+d) 2[2p+A) d+4F2 A+522]
A= (28%d+3pAd+ A2d +28*A)a + pQ2B + A)(d + A)c
B= [+ )& + 28420 + DAP + Nd + p2%(86> + 984 +22%)|(a — ¢
Table 3 Equilibrium outcomes for the subsidy and tax policies under Cournot competition
Subsidy policy Tax policy
Subsidy rate _24da—) NA
BQ+6)(A+2d)
Tax rate NA A2Q2p+2+p0)d—p A (a—c)
X
Abatement level _2d@=c) (269d+4pd+24d—p M) (a=c)
BQ2+0)(A+2d) X
Price at(l+6)c Fla=c)
2460 X
Production quantity a—c Qd+D)@2f+1+p0)(a=c)
B(2+0) X
Net emission __Ma—o) ABB+A+p0)(@—c)
BQ+6)(A+2d) X
Manufacturer’s profit [20+28)d%+pAdd+D) | (a—c)’ G
F2(2+0)2 (A+2d)* 2x2
Social welfare [2G+p=A)d+(p+3)Al(a=c)® Qd+1H(3B+5+B0)a=c)’
B2(2+0)* (A+2d) X

F =228+ A+ p0)(Aa + pa + pOc + pc)d + ﬂi(ﬂ@a +2pa + pO%c + 3p0c + Afc + 2fc + /lc);
40P + D)Q2P + A+ BOV > + APARB + A+ POYAP + A+ 250)d

{ +PA2 (28707 + 870 + 4520 + 8% + 9pA + 247) }

X =220 + A+ POV d + PA(4P + A+ p6° + 450 + A9)
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Table 4 Equilibrium outcomes for the subsidy and tax policies under Bertrand competition

Subsidy policy Tax policy
Subsidy rate ___2d(a—c) NA
B(1+0)(2—0)(A+2d)
Tax rate NA Ja=0o)
Y
Abatement level @) K(a—0)
B+0)(2—0)(A+2d) Y
Price U=Oate La=o)
2-6 Y
Production quantity < (2d+2)(A+2p+p0—p0*)(a—c)
B(1+6)(2—0) =
Net emission _ Mamo) H(2+3p+p0~2p6%)(a—c)
B(1+6)(2—0)(A+2d) T
Manufacturer’s profit H(a—c)’ M(a—c)*
B2(1+0)>(2—0)* (A+2d) Y2
Social welfare Ia—c) d+1)(A+3p+p0-256)(a—c)?
B2(146)*(2—0)* (A+2d) Y

:2(/1+2ﬂ—2ﬂ92)d2+4ﬁ/1(1—92)d+ﬁ,12(1—02)
—2(4 =3B —pO+2p6%)d + A1 + 0)(3 — 20)
= [2(A+28+ B0 — p0*)d — pA(1 —0%)] A
_2(A+2/3+ﬂ9—/392)d—ﬂ/1(1—02)
2(A+2p+ pO — p6*) (A + pa — p6%a + fc + poc)d
+PA(1 + 0)(2Pa + fO3a — fOa — 2p0%a + Ac + 2fc + pOc — pO°c)
4(A+28—286%) (4 + 28 + B — pO*)’d
+4pA(1—0%) (A +2p+ O — pO*) (A +4p + 246 — 280%)d
+PA(1 - 0%) (28°0% — 45%0° — 64707 — 50071 + 870 + 4BA0 + 8p% + 9pA + 24%)
Y=2(1+28+p0 - /392) d+BA1+0)(A+4p + po° — 356?)

L

Table 5. Equ111t?r1um values with Subsidy rate Bld+A)(a—c)
a combined policy Bd+pA+dA
Tax rate (dA—pd—pA)(a—c)
Pd+pA+dA
Abatement level d(a=c)
Pd+PAr+dA
Price (dAa+pdc+pic)
Pd+pAr+dA
Production quantity @+ @=c)
Bd+Pi+di
Net emission Ma=c)
Bd+Pi+di
Manufacturer’s profit (2pd>+4pd 3425 2% +d* 1) (@—c)
2(pd+pi+dA)*
Social welfare (d+A)(a—c)*
2(Bd+pAt+dA)
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Table 6 Equilibria for the
subsidy and tax policies with a
multiplicative emission function

Table 7 Equilibrium outcomes for the subsidy and tax policies in a supply chain

Subsidy policy Tax policy
Subsidy/Tax rate dd(a—c) AQpd—pi+di)a=c)
2p(A+d) 2+2Y d+452 A+ A2
Abatement level d_ 2fd—fA+dA
J+d (A+d)2+4)
Price ate 4
2 QB+ d+4p2 A+p 42
Production quantity =< (d+ 2P+ (a=c)
26 QB+AY d+4p2 I+ A
Net emission Ma—c) A(B3p+A)(a=c)
2p(A+d) (2+AY d+452 A+ A2
B

Manufacturer’s profit

Social welfare

[(G+28)d> +4pAd+242 ] (a—c)?

862(A+d)*

(3Bd+3pA—d i) (a—c)®

802 (J+d)

2[@p+a2d+4p2A+p 2]
(d+A)(3p+A)(a—c)
2[2p+A) d+4F2A+H22]

A and B are the same as those in Table 2

Subsidy policy Tax policy
Subsidy / Tax Ad(a—c) Mapd—3pA+dA)(a=c)
4p(A+d) 7
Abatement level d_ 4pd—=3pA+dA
J+d (d+A)(4p+1)
Wholesale price % R
z
Retail price ate S
4 7
Order quantity = (d+D)@Ef+N)(a=c)
4p 7
Net emissions Ma—c) A+ (a—c)
4B(A+d) Z
Manufacturer’s profit [(A+4p)d>+8pAd+45 4> |(a—c)? U
32p2(A+d) 272
Retailer’s profit (a=c? Bd+2>@Ap+1) (a—c)’
168 72
Social welfare (7pd+7pr—dA)(a—c)* (d+A)(TP+2)a—c)*
328%(A+d) 27

R = (48 + )(2Ba + Ao+ 2c)d + fA8Ba — Aa + 8Bc + 2Ac)
S=(Ap + H(2Ba + Aa + pc)d + BA(12fa + 4fc + Ac)

U= [(4/3 + AP+ 2BAAB + D168 + A)d + pA2 (64ﬂ2 +41p4+ 412)](a —¢)?

Z =162d + 168%1 + 8BdA + pA% + dA?

Proof of Lemma 1 From the “Net emission” values under the subsidy and tax policies in

Table 2, we have
0e’

de> _ AMa—c)
= 2

58 _

2}

o

ad

28(A+d)* >
_ _ﬂ(A(Jrzlfﬂf(wH)(a—c)
QB+ d+PAAS+A

2e” ﬂ(g2ﬁ2d+8ﬁdﬂ+ﬁiz+d 2)(a—c)

0, and.

04 [(2/3+/1)2d+ﬂ/1(4ﬁ+/1)]2

> 0.

Proof of Proposition 1 (i) Differentiating the “Manufacturer’s profit” value under the sub-

sidy policy in Table 2 with respect to d, we have

My _ Pda=c)
ad 42 (A+dy’

d(a—c)?

> 0.
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(ii) Differentiating the “Manufacturer’s proﬁt value under the subsidy policy in Table 2

oI, . . . .

with respect to A, we obtain —1* % > 0ifd > A, with equality holding at d = 4,

oIE,

otherwise, — < 0.
(iii) Differentiating the “Manufacturer’s profit” value under the tax policy in Table 2

26328+ D(BF+1) (a—c)’

o’
with respect to d, we have —* = —

d [@B+A42d+pA@p+A)]
(iv) Differentiating the “Manufacturer S proﬁt value under the tax policy in Table 2
on
with respect to 4, we obtain =% = M where.

0/1 2[@2p+4) d+ﬁ/t(4ﬂ+/1)]

£ = 2B+ M'd® = 3pAAP + D(2P + 1)*d*
T +422%(606° +36p4 + 547 )d + 7 4* (20 +74) '
Since sgn(?—f) = sgn(f,(d)), we only need to discuss sgn(f;(d)) below. Define f/(d)
and f,(d) as follows:
fi(d) = %@ _ =328 + A)'d* — 6BA@P + NP + 1)d + > 47 (608 + 3684 + 547)
1 - od -
2fs(d) 4 2 '
fid) = =—6Q2f + N)'d — 6fAA4p + H(2B + A)

Ifd>d’, f (d) < 0, which means f (d) decreases in d. Furthermore, it can be verified
that £, (d”) < 0, which suggests f, (dT) < 0 holds for all d > dT. This in turn means f;(d)
decreases with respect to d when d > dT. Algebraic calculation shows that f; (dT) > 0.
Since the cubic and quadratic terms are negative, f; (dT) < 0 must hold when d is suf-
ficiently large. Thus, it can be proved that there exists a d; > d” such that f;(d) < 0 for all
d > d,, with f; (dr) = 0 at d = d,, where d, is the largest root of f (dr) = 0. Thus, we can
conclude the required.

Proof of Lemma 2 Comparing corresponding price and quantity decisions under the sub-
sidy and tax policies in Table 2, we derive.
M4Bd=3pi+dA)(a—c
p>-p :—W <0,and.
MApd=3pr+dA)(a—c)

¢ -q 4ﬂ[(4ﬁ+)t)2d+ﬂ/l(l6ﬂ+).)]

In addition, since there is no pass-through under the subsidy policy but it exists under
the tax policy, we have p¥ = p% < pT and ¢" = ¢° > ¢7.

Proof of Lemma 3 Comparing the “Abatement level” values under the subsidy and tax poli-

cies in Table 2, we have.
S —al = A (d)(a—c)
T 2(+d)[2B+1)d+pAGH+H)]
where f,(d) = 28 + A)d*> + pQRS — A)d + 2% A.
Since f,(d) > 0 ford > d’, we have a® — a” > 0.

Proof of Proposition 2 Comparing the “Net emission” values under the subsidy and tax pol-
A[(—2B2+2P2+47)d—pAQ2p+A) ] (a—c)

2B(A+d) [2B+1)*d+BAEP+ 1)
shows that €5 > ¢” holds only when A > (/3 — 1)13 andd > d,(> d"), with equality hold-

—pA2p+A) .
—22-2p2+2p2°
incentive to abate emission under no environmental policy. The net emission under no

environmental policy is the highest.

icies in Table 2, we obtain €5 — e” . Algebraic calculation

ing at d = d,, where d, = otherwise, ¢5 < eT. Since the manufacturer has no

@ Springer



Annals of Operations Research (2022) 316:5-32 29

Proof of Lemma 4 First, comparing the “Manufacturg:r’s profit” values under the subsidy
.. . S _ [N _ Ad*(a—c)
and tax policies in Table 2 yields IT;, — I}, = SPGTar > 0. Next, we have.
N T _
Ity — I, =

A(Ad—pA+2dP)|(2p+12d+BA105+3 )] (@—c)
4p [(2ﬂ+/1)2d+ﬁ/1(4ﬂ+/1)]2
which is positive when d > d”. Summarizing above results, we have IT5, > ITY > TI7 .

)

. s _ T _ Mfy(d)(a—c)?
Proof of Proposition 3 SW*> — SW! = SB[ AT TR

where fy(d) = (4% — pA— A%)d> + BAGBS +24)d — >4

Since sgn(SWS - SWT) = sgn(f3(d)), we only need to analyze sgn(f3(d)) below.

(2). Tf A = <\/17 - 1)/3/2, then fy(d) > O ford > d”. In this case, SWS — SWT > 0.

(b). If 1 # <\/ 17 — 1>ﬁ/2, solving f5(d) = 0, we obtain two real roots, d; and d,, as
follows:
[}/1(—3/}—2,{+\/25ﬁ2+8ﬂﬂ> ﬂA(—Sﬁ—ZA—\/25ﬂ2+8/}/1)
3 i) = TR

If A< (\/ 17 - 1) p / 2, f3(d) is a quadratic function graphed by a parabola opening
upward, with d, < d; < d”. In this case, f;(d) > 0 for d > d”. Thus, SWS — SWT > 0. If
A> (\/ 17 - 1) Ji] / 2, f5(d) is a quadratic function graphed by a parabola opening down-
ward, with d; <d' <d,. In this case, f;(d) > (<)0 for d' <d <d,(d>d,). Thus,
SWS — SWT < 0 for d > dy and SWS — SWT < 0 for d” < d < d,. Summarizing the results
above, we can see that SWS < SW7 if and only if d > d, and A > <\/ 17 — 1),8/2. Other-
wise, SWS > SWT, with equality holding at d = d,. From the government’s perspective, the
case of no environmental policy is a special case of subsidy policy or tax policy. Thus,
SWN < SWS and SWN < SWT always hold.

Comparing the “Social welfare” values under the subsidy and tax policies in Table 2
yields.

Proof of Lemma 5 Based the corresponding results in Table 5 for the combined policy, we
have:

o 0sC _ —pi(a—c) ¢ _ _—pd(a—c) .
. od.  (Bd+pp+dA)> <0and 04, (Bd+Bi+dA) <0
: i) c )
(11) ot — 20 A% (a—c > 0 and o — 2pd”(a—c
" od (Bd+Bi+dA)’ 04 (Bd+Bj+di)
(iii). % = =209 o gapd % = L0
*od (Bd+PA+dA)? A (Bd+pA+dA)? ’
. o 085 —22d(a—c) .
Proofojfgopos:tlon4 @). % = FesrGed ;
sy 047 —2d(a—c)
(D54 o PO+ (A+2d) ‘
coey 0] _ —(a—0)
>ii). == = 5
B B(O+2)
()2 = a0
06 BO+2)*(A+2d) ’
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v ) = g

2 9

v ) _ 2[2(/1+2ﬁ)2d2+4ﬁ3/ld+ﬁ/17](a—C)Z <0
—p2(2+0)’ (A+2d)

(vii) ast _ [20A—p0-4p)d-pA(4+0))(@—c)’

vii). 20 —F2(2+6)> (A+2d)

positive social welfare, i.e., A <3+ ford <

< 0 holds in the applicable range of A and d with
(B+3)4
2(3+p-4)"

Proof of Proposition 5 Differentiating the manufacturer’s profit in Table 5, we have:
_ —pAA(d+2M)(a=c)*

dC - gﬂd+ﬂx+d/1)3 <0, and.
JIL, (3Bd+5pA+dA)(a—c)? <0
04 2(pd+pA+dA)} ’
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