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Abstract: In the pressure of excessive resource consumption and serious environmental pollution,
governments provide various consumer subsidies to promote sales of energy-saving vehicles,
including the energy-saving fuel vehicle (FV) and the pure electric vehicle (EV) in the automobile
industry. Utilizing a Hotelling model, this paper explores two competing firms’ decisions on the
selection of green technology innovations for vehicles, namely producing either the energy-saving FV
or the pure EV, while the two vehicles are different from each other on not only the energy-saving level
but also the consumer’s acceptance. We further explore the impact of the government’s consumer
subsidy on the profits, environment, and consumer surplus. We find that the two competing
firms’ equilibrium selections of green technology innovations for vehicles change as the variable
manufacturing cost of the pure EV varies. In particular, when the variable manufacturing cost of the
pure EV is moderate, the firm with a lower technology capacity for improving the energy-saving
level of the FV (i.e., firm 2) will produce the pure EV while the other firm (i.e., firm 1) produces the
energy-saving FV, and the converse is not true. In this case, the decreasing variable manufacturing
cost of the pure EV will benefit firm 2 and make firm 1 lose in a competing context. In particular,
both firms would charge lower retail prices as the variable manufacturing cost of the EV decreases.
In addition, we find that although the consumer subsidy could reduce the purchasing cost for the
consumer and promote both firms to produce higher energy-saving level vehicles, a firm can still
reduce its retail price under certain conditions because of the competition between the two firms.
Finally, we prove that the consumer subsidy can be always beneficial to the environment, while it
may hurt the consumer surplus and the firms’ profits under certain conditions. The results provide
suggestions for governments to adopt an appropriate consumer subsidy program from perspectives
of the consumer, environment, and economy.

Keywords: consumer subsidy; green production; energy-saving level; consumer surplus

1. Introduction

Environmental awareness has grown drastically over the last several decades. As concerns
developed, consumer taste and preference for green products became ubiquitous [1,2]. In response to
this change, automotive firms began to produce green vehicles, including not only energy-saving fuel
vehicles (FV) but also pure electrical vehicles (EV). The energy-saving FV refers to vehicles involving
new energies except petrol, such as electricity and hydrogen. For instance, the hybrid electric vehicle is
a new energy-saving FV driven by both diesel engine and electric engine. The pure EVs are driven
by electricity only. Compared to the energy-saving FV, the pure EV has a higher energy-saving
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level, which is more environmentally friendly. However, the low endurance of the EV because of
the limited public service infrastructures supporting the operation of EVs, such as charging stations,
is unfriendly to the majority of consumers, especially in some developing countries [3]. Moreover,
technical difficulties of producing EVs are common issues faced by all automotive firms. Specifically,
few automotive firms master key technologies for producing the pure EV, such as Tesla and BYD,
and the majority of automotive firms have to produce the EVs with little difference in technical quality,
referring to the performance and the energy-saving rate of the EV. In terms of the characteristics of the
two types of energy-saving vehicles, automotive firms usually need to make a decision on what type
of energy-saving vehicles to produce.

In order to protect the environment, governments introduce various policies to support the
development of green vehicles, including the consumer subsidy, the R&D subsidy, and the tax
preference. Among them, the consumer subsidy is a general government incentive subsidy focusing
on subsidizing the consumers who purchase the green vehicles, such as the energy-saving FVs and the
EVs. Typically, a consumer purchasing a greener vehicle would receive a higher consumer subsidy.
For instance, the government in China provides subsidies up to RMB 30,000 for each plug-in hybrid
electric vehicle and up to RMB 55,000 for each battery EV in 2016 [4].

With the increasing competition in the area of FV and the government financial supports, more and
more automotive firms choose to produce pure EVs, especially for the emerging automotive firms.
Obviously, the firms producing more environment friendly vehicles will receive more green allowances
from the government and be more attractive to consumers with environmental concerns [5]. However,
some vehicle firms are not willing to give up the advanced technologies of producing the FVs, as well
as the conveniences of the FVs for use. They usually choose to produce the energy-saving FVs to
consider both the consumer friendly and environment friendly characters of vehicles.

Motivated by these observations, we seek to study the firms’ selection of the energy-saving vehicle
design with the government subsidy support in a competing market. To be specific, we try to answer
the following questions: (i) what factors would influence the firm’s selection of the energy-saving
vehicle design, namely producing an energy-saving FV or a pure EV? (ii) how does a consumer subsidy
program influence the firms’ equilibrium decisions, such as pricing and degree of greenness of vehicles,
especially in a competing context? (iii) what are the implications of the effects of the consumer subsidy
on the environment, the firms’ profits, and the consumer surplus?

To address these issues, we first consider a base model where two automotive firms compete
with each other in a market with no subsidy from the government. Each firm chooses to produce
an energy-saving vehicle, either the energy-saving FV or the pure EV. Without loss of generality,
we assume that all pure EVs have the undifferentiated energy-saving level because the pure EVs are
driven by electric energy only, which releases little carbon emission. In addition, the two firms are
assumed to possess different levels of technology capacities related to production of the energy-saving
levels of the FVs. Therefore, in addition to the firms’ decisions on the vehicle type (i.e., producing
either the energy-saving FV or the pure EV), the firms should make the decisions on the energy-saving
level of the FV. For either the energy-saving FV or the pure EV, we consider that all additional costs in
improving the energy-saving levels of vehicles (i.e., improving fuel economy and reducing pollution)
are variable manufacturing costs. They are incurred by additional green devices to install (catalytic
converters to reduce pollution, battery, etc.), more material and parts in the vehicles, more expensive
materials and parts to use, and more assembly work to make the vehicles [6]. In particular, we assume
that pure EVs have the same energy-saving levels that incur the same variable manufacturing costs,
while the variable manufacturing costs of energy-saving FVs depend on their energy-saving levels
and the firms’ technology capacities. Finally, consumers purchase the vehicles by comparing their
preferences on the energy-saving levels of the vehicles, prices, and brands, as well as the government
subsidy. In particular, if the government provides a consumer subsidy, the consumer who purchases the
green vehicle will receive an allowance increasing with the energy-saving level. Obviously, consumers
purchasing the EV will receive more allowances than those who purchase the energy-saving FV.
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By employing a Hotelling model, we obtain the equilibrium outcomes of two competing firms
without and with the consumer subsidy following Nash game theory. We obtain some interesting results.

Firstly, there are changing Nash equilibriums as the variable manufacturing cost of the pure EV
varies. In addition to both firms choosing the same vehicle type, i.e., producing energy-saving FVs or
pure EVs, if the two firms choose different vehicle types, the firm with a lower technology capacity of
improving the energy-saving level of the FV (i.e., firm 2) would offer the pure EV, and the other firm
(i.e., firm 1) offers the energy-saving FV, while the converse is not true. In this case, the decreasing
variable manufacturing cost of the pure EV will benefit firm 2 and make firm 1 lose in a competing
context. Therefore, the development of the EV technology may hurt some vehicle firms having the
advanced technologies used to produce the energy-saving FV. This finding can well explain why
Toyota, the leader of firms producing hybrid vehicles, has disclosed its key technologies in order to
shorten the gap of technology capacity with other competitors. We also find that both firms would
charge lower retail prices as the variable manufacturing cost of the EV decreases. We further derive
conditions under which each Nash equilibrium exists. We see that the consumer subsidy can influence
not only the conditions but also the two firms’ equilibrium decisions, and eventually influence the
environment, profits, and consumer surplus.

Secondly, we prove that consumer subsidy programs could reduce carbon emissions in a
competing context in two ways. The first is making both firms more likely to produce pure EVs instead
of energy-saving FVs, and the second is encouraging both firms to increase the energy-saving levels of
FVs if they decide to produce FVs. These results reveal approaches of the consumer subsidy to improve
the environment. In particular, it indicates that although some consumer subsidies are not high enough
to promote sales of pure EVs just as the government expects, they could increase energy-saving levels of
FVs, and eventually reduce the carbon emissions. In addition, while one may expect that the consumer
subsidy can encourage a firm to charge a higher price for the energy-saving FV and EV, we find that
the firm producing the less energy-saving vehicle than the other firm will charge a lower price under
the consumer subsidy program than that under no subsidy program. This is because the consumer
subsidy would enhance the competitive advantages of the firm producing the higher energy-saving
vehicle. The firm producing vehicles with the lower energy-saving vehicle would have to reduce its
price to retain its potential consumers. This result proves the effectiveness of consumer subsidiary
in improving the environment and provides guidance for firms to charge prices for consumers in a
competitive context.

Thirdly, we find the conflicting effects of the consumer subsidy on the two firms’ profits because
of the competition between them. Specifically, the firm that offers the higher energy-saving vehicle will
get benefits while the other firm always gets the loss from the increasing consumer subsidy. In addition,
we are surprised to find that the consumer subsidy could hurt the total profits of the two firms if
they offer different vehicle types and the consumer subsidy is in a low level; otherwise, the consumer
subsidy always increases the total profit of the two firms.

Finally, we find that the consumer subsidy always benefits the consumers if both two firms offer
the energy-saving FVs. This is because the consumer subsidy not only improves the energy-saving
levels of the FVs but also subsidizes the consumer who purchases the FV directly. However, if the firm
with the lower technology capacity decides to offer the EV while the firm with the higher technology
capacity offers the FV, the consumer surplus would be harmed by increasing the consumer subsidy
under certain conditions, namely the government offering a small subsidy and there is a high degree
of inconvenience of the EV to the consumer. This is because the increased consumer subsidy could
induce more consumers to purchase the EVs and the large inconvenience of the EV to the consumer
makes such a shift harmful for the consumer surplus. This result indicates that the government should
take the supporting infrastructure of EVs into account while launching a consumer subsidy program.

The remainder of the paper is organized as follows. In Section 2, we review the related literature,
followed by the introduction of model development in Section 3. Then in Section 4, we solve and
discuss the Nash equilibrium results with and without the consumer subsidy, as well as analyze the
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impact of a consumer subsidy program on the profits, environment, and consumer surplus. Further,
in Section 5, we summarize our main results with a conclusion. Future research directions are also
given in this section.

2. Literature Review

This paper is closely related to the literature about green production, government policy,
and competition.

2.1. Green Production

As consumer environmental awareness and social responsibility rose, lots of researchers began
to pay attention to the issues of green production, including green product line design and pricing.
Based on the theory of market segmentation, Chen [7] formulates a quality-based model to analyze the
customers’ preferences to green and ordinary products and firms’ strategic decisions on the prices
and qualities. Dey et al. [8] explore the impact of strategy inventory and procurement strategy on
product design with the consideration of both a development-intensive and a marginal-cost intensive
green product. Yu et al. [9] focus on a manufacturer’s decision on green product line design and the
production quantity under the government subsidy policy. Shen et al. [10] identify the optimal product
line design for green and nongreen products in terms of quality differentiation. There are also many
studies analyzing the impact of the government policies on manufacturer’s green production [11-15].
For example, Luo et al. [11] investigate the optimal price discount rate and a subsidy ceiling for the
subsidy, which could maximize the expected sales of electric vehicles. Murali et al. [12] study the impact
of voluntary ecolabels and mandatory environmental regulation on green product development among
competing firms. Jung and Feng [13] propose that the government plays a key role in manufacturer’s
green production by offering environmental policies.

Note that most literature on green production of vehicles only involves a type of green technology
innovation, namely the energy-saving FV [16,17] or the pure EV [18-20]. Lou et al. [16] develop a
decision-making model to optimize the fuel economy improvement level and the production of internal
combustion vehicles. Huang et al. [17] study the hidden costs for fuel-saving technologies in light-duty
vehicles. Zhou et al. [18] investigate a firm’s green technology investment for an EV and the pricing
decisions under three possible product designs, namely conventional vehicle only, both conventional
vehicle and EV, and EV only. Chen et al. [19] demonstrate the impact of subsidy and credit policy on
technological development of battery electric vehicles.

Zhu and He [6] propose two types of green products involving two green technology innovations,
namely the marginal cost-intensive green product and the development-intensive green product.
Their study analyzes decisions on greenness level of products affected by two green technology
innovations, which are distinguished by two cost accounting methods. In our paper, we focus on
the impact of consumer subsidy intensive to pure EV and observe firms’ selection of two technology
innovations, i.e., the energy-saving technology and the pure electric-vehicle technology. In particular,
we distinguish two types of green vehicles from not only their energy-saving levels but also the
consumer’s acceptance to them depending on their conveniences of use. We consider that the consumer
has a lower awareness on the pure EV compared to the energy-saving FV because of the limited
infrastructures supporting the operations for the pure EV.

2.2. Government Policy

Our work is closely related to the research that considers government policy as an instrument to
improve the environment [7,21-23]. Cao et al. [21] examine the impacts of cap-and-trade policy and
low carbon subsidy policy on the production and carbon emission reduction level of a manufacturer.
Hafezalkotob [22] finds that government can orchestrate green supply chains to fulfill environmental
objectives under government financial intervention. Nielsen et al. [23] explore two different government
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incentives, namely incentive policy on per-unit product and that on the total investment in R&D,
provided to manufacturers for adopting green technologies to enhance the green level.

Research on consumer subsidy policy is the most related to our work [24-28]. Zhang et al. [24]
analyze the economic and environmental impacts of a consumer subsidy policy and find that the
consumer subsidy program can always benefit the environment. Shin et al. [25] compare the consumer
subsidy and the tax policy through a case study. They find that the consumer subsidy is a greater
incentive for improving environmental benefits than the tax policy. Bian et al. [26] examine and
compare the consumer and manufacturer subsidy and find that the former yields a lower abatement
and a higher consumption quantity, which lead to higher carbon emissions. In the development of
sustainable product manufacturing and remanufacturing decisions, Nielsen et al. [27] compare the
direct subsidy to consumers, to the manufacturer to stimulate used product collection, and to the
manufacturer to improve product quality.

Besides the environmental impacts, a large number of studies also explore the impact of government
policy on firms’ profit and social welfare [10,13,29-32]. Specifically, based on a product quality model,
Gouda et al. [29] analyze the impact of government composite regulations on environmental quality
and profits of automakers. Yu et al. [30] present a parsimonious model to determine the optimal subsidy
program in different settings considering consumer welfare and manufacturer’s profit, finding that
government can improve consumer welfare by developing subsidy programs. Myojo and Ohashi [31]
explore the effects of consumer subsidies on industry growth and social welfare.

In our paper, the impacts of the consumer subsidy on the environment, the firms’ profits, and the
consumer welfare are all taken into account. In particular, we study the impacts of the consumer
subsidy in a competing context while the two types of green technology innovation of vehicles are
both considered.

2.3. Competition of Green Products

Another related body of literature is the research about the competition of green products [12,18,33-36].
Huang et al. [33] investigate the impact of a government subsidy program on the manufacturers’
profits with the consideration of the two competing manufacturers where one provides a fuel vehicle
and the other offers both fuel and electric vehicles. Zhou [34] develops a game model considering
the competition between a brown manufacturer and a green manufacturer in a market with both
brown and green consumers. He tries to address how the behavior of green consumers influences the
optimal pricing decisions, profits, consumer surplus, and environmental performance. Cohen et al. [35]
study two firms competing with quality and prices of the green products. Both R&D and consumer
subsidy programs are considered and compared by examining their impacts on the environment and
the firms’ profits.

Different from this research mentioned above, we consider two automotive firms competing with
not only the quality (i.e., the energy-saving level) and prices but also the type of the green technology
innovations of the vehicles. Specifically, a firm has to choose a type of green vehicle to produce, such as
the energy-saving FV or the pure EV, while competing with the other firm.

2.4. Summary

This paper’s position in the literature is summarized in Table 1. It indicates that the contribution
of our work includes three points. Firstly, although lots of research has studied green production in the
automotive industry, there are few reports that simultaneously consider the energy-saving technology
of the FV and the technology for producing the pure electric vehicle. In particular, energy-saving
technology of the FV is one way to increase the green level of FV, while the pure electric vehicle
technology such as battery development could make an EV drive without fuel consumption. Besides,
as most of the previous studies consider one type of vehicle, namely FV or EV, the consumer awareness
on EV and FV cannot be distinguished clearly. In our paper, we distinguish FV and EV from not only
their energy-saving levels but also the consumer’s acceptance to them depending on their convenience
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of use. Secondly, we consider the competition between the two firms not only on the energy-saving
levels of vehicles, but also on the selection of green technology innovations, namely choosing either the
energy-saving technology of FV or the pure EV technology. Note that all the decisions of the firms will
interact with each other. Finally, based on the two points above, we measure the impact of consumer
subsidy from three perspectives, i.e., profit, environment, and consumer surplus, while the previous
research usually considers one or two perspectives.

Table 1. Positioning of this paper in the literature.

Green " Consumer
Production GTIforFV  GTIfor EV  Competition Subsidy Policy

\/
\/

Paper Other Policy

Zhou [34]
Luoetal. [11]
Murali et al. [12]
Gouda et al. [29]
Hadi et al. [14]
Chen et al. [7]
Zhang et al. [24]
Yu et al. [9]
Shen et al. [10]
Zhou et al. [18]
Louetal. [16]
Chen et al. [19]
Huang et al. [17]
Cao et al. [21]
Hafezalkotob [22]
Yang et al. [36]
Jung and Feng [13]
Shin et al. [25]
Lietal. [32]
Yu et al. [30]
Myojo and Ohashi [31]
Bian et al. [26]
Huang et al. [33]
Zhu and He [6]
Cohen et al. [35]

\/

\/
v v

<2 2 Rl <L k<L

LR <<=

NS S S S S S S S S S S S S S S S S S

SR S S S S S

v v

Note: GTI refers to green technology innovation.

<

Our paper

3. Model Development

There are two vehicle firms, labeled by firm 1 and firm 2. Each of the two vehicle firms chooses
to produce either an energy-saving fuel vehicle (FV) or an electric vehicle (EV). They compete with
each other in the same market. For the energy-saving FV i,i € {1,2} produced by firm i, we denote
its energy-saving level by e;,e; € (0,1). Suppose that driving a traditional FV will generate a basic
carbon emission g, an energy-saving FV with the energy-saving level e; will generate carbon emissions
(1—-e;)g. As we all know, an EV is more environmentally friendly than a FV because the EV is driven
by the electric battery and the running of an electric battery will incur little carbon emission. Without
loss of generality, we assume that the energy-saving level of the EV is 1, which means the carbon
emissions driving an EV is 0.

Generally, the government provides subsidies for consumers who purchase green vehicles in
the automotive industry [11,25,33]. As China’s New Energy Vehicle Subsidy Program and Product
Technical Requirements in 2020 show, the subsidy amount for a single vehicle is based on its energy
consumption level. Specifically, if the energy-saving level (relative to the basic energy consumption)
is less than 10%, the subsidy will be 0.8 times. Moreover, it will be 1.0 time if the energy-saving
level is between 10-25%, and 1.1 times if it is more than 25%. Here, we suppose that a consumer
receives a subsidy s(e;) from the government for each unit of green vehicle with the energy-saving level
e;(i € {1,2}). Assume s(e;) is an increasing function of the energy-saving level of the vehicle, which is
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true among existing consumer subsidy programs on green products [9,35]. Without loss of generality,

we assume that s(e;) = ¢e;, where ¢ represents the consumer subsidy for per unit of energy-saving

level of vehicle. Notice that ¢ = 0 means that the government does not provide a consumer subsidy.
We utilize the Hotelling model to depict the consumer’s heterogeneous preference over two firms.

The consumers are uniformly distributed on a [0, 1] line, with the two firms at the two ends. Denote

x € [0,1] as the distance from a customer’s location to firm 1, and thus 1 — x is the distance between the

customer and firm 2. If firm i decides to produce the FV (or EV), it will charge the price py; (or p,;).
By purchasing a FV produced by firm 1 and firm 2, a consumer’s valuations are given by:

vpr=V=pr—A(l-e)g—pys + Per )

v, =V-B(1-x) - A(1—e2)8 —py, + ez, 2)

where V is a basic valuation parameter and A reflects the consumer’s social responsibility. A higher A
implies a higher social responsibility of the consumer. f measures the consumer’s preference to the
firm, and a higher § means a larger consumer’s loyalty to the firm or brand.

By purchasing an EV produced by firm 1 and firm 2, a consumer’s valuations are given by:

061:V—‘Bx—p31—6+¢> (3)

Vo =V—-B(1-%x)—p2—0+0¢, 4)

where 5(6 > 0) means the inconvenience of the EV to the consumer. Although the carbon emission of
the EV is small, consumers usually evaluate an EV less than an FV due to its feature of battery and
few service facilities, which will lead to a long charging time and a short mileage between charges.
A higher 6 means the EV is more inconvenient to consumers.

We suppose that consumers’ basic production valuation, V, is sufficiently large so that the market
is fully covered. This assumption is standard in Hotelling models [37,38], and it enables us to focus
on the interesting and realistic scenario where both firms are competing for limited market demand.
In the basic model, we also suppose that the total market demand is deterministic and, without loss of
generality, normalized to 1.

For either the energy-saving FV or the pure EV, we consider that all additional costs in improving
the energy-saving levels of vehicles (i.e., improving fuel economy and reducing pollution) are variable
manufacturing costs. They are incurred by additional green devices to install, more material and
parts in the vehicles, more expensive material and parts to use, and more assembly work to make the
vehicles [6]. In particular, we assume that pure EVs have the same energy-saving levels that incur
the same variable manufacturing costs while the variable manufacturing costs of energy-saving FVs
depend on their energy-saving levels and the firms’ technology capacities. Following Krishnan and
Zhu [39] and Huang et al. [40], we consider the quadratic forms for the variable manufacturing cost of
an energy-saving FV, indicating a convex increasing variable manufacturing cost. We identify the unit
variable manufacturing cost of an FV in the following functions.

cfi = 0el,i€{1,2), ®)

where 0; is the coefficient reflecting the effect of an increase in the energy-saving of the vehicle on the
variable manufacturing cost. A larger 0; implies that it is costlier for firm i to increase the energy-saving
level of the FV. Without loss of generality, we assume that 61 < 05.

In particular, because technologies for producing the EV are immature for the majority of vehicle
firms, the difference in technologies for producing the EVs is much less than that for producing the FVs
in the automotive industry. Without loss of generality, we suppose a fixed variable manufacturing cost
ce for producing an EV. For simplicity of analysis, we assume the production cost except the variable
manufacturing cost as zero.
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The timing of events is as follows. First, both firms simultaneously decide to produce either an
energy-saving FV or an EV. Then, the firms that choose to produce the energy-saving FV determine
the energy-saving levels for the FV. Finally, simultaneously the two firms set prices for the vehicles
they produce.

It is straightforward to derive four possible cases based on the two firms’ selections, denoted by
the case FF, FE, EF, EE. In the case FF, both firms choose to produce the energy-saving FVs; in the case
FE (EF), firm 1 (2) chooses to produce the energy-saving FV, and the other chooses to produce the
EV, and in the case EE, both firms choose to produce the EVs. We can derive the demand for firm i
producing FV/EV, denoted by dy;/d,;, for each case:

(i) In case FF,

dpp = ((gA+¢)(e1—ea) +B—pr1+1Pp2)/(2B), dpp = 1= ((gA+P)(e1 —ea) +B—prit+ps2)/(28)  (6)
(i) In case FE,

dpp = ((gA+@)ler—1) +B—pp +pe2)/ (2B), deo = 1= (A +P)(er = 1) + B —pp1 +pe2)/(28)  (7)

(iii) In case EF,

der = ((gA + @) (1—e2) + B—0—pa +ps2)/(2B),

dpp=1-((gA +¢)(1—e2) +B=0-pa +Pr2)/(28); ®

(iv) IncaseEE,

der = (B+ P2 —Pe1)/ (2B), dez = 1= (B + pe2 = pe1)/ (2B)- )

Therefore, firm i’s profit function, denoted by n;ﬁ”,i € {1,2},m,n € {E,F}, can be expressed as
shown in Table 2.

Table 2. The profits of the firms in the four cases.

Firm 2
Firm 1 F E
E F = (pp-61e))dp  miE = (pp—616])dp
FF = (pp2— 0263)ds, ThE = (pea = ce)den
B Tt = (per = ce)den hE = (pe1 = ce)dar
15t = (pr2 — 0263)ds, TEE = (pep — co)dea

Note: E and F means the firm produces the pure electric vehicle (the energy-saving fuel vehicle).

4. Nash Equilibrium Results

4.1. The Case without Consumer Subsidy

In this section, we consider that the government provides no consumer subsidy for consumers
(i.e., ¢ = 0). We develop the Nash perfect equilibrium in the following proposition. We use superscript
“+” to denote the equilibrium outcomes.

Proposition 1. Suppose ¢ < ¢, < cand 0, — 01 < 128010,/ (g*>A?), we have:

*

(i) if ce > cp, then (F, F) is the unique pure Nash equilibrium (NE) and the equilibrium outcomes are ¢

gA/(261), €5 = gA/(zez),p;l = (—¢%A%01 +4¢%A%0, + 128010,) / (12010,), and

P, = (-871202 + 4571201 + 1201 6,) / (120, 02);
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(i) if ¢; < ce < cy, then (F, E) is the unique pure NE and the equilibrium outcomes are e; = gA/(201),
Ph = (%A% — gAO1 + 3801 + .01 +661)/(301),

Py = (—g°A% +4gA0; + 1207 + 8c,01 —4601)/(1201);
(iii) if c. < c;, then (E, E) is the unique pure NE and the equilibrium outcomes are
Por =P+ Ce Py = P+ ce;

where ¢ = —(g?°A* — 4gA071 + 4501)/(401), ¢, = —(g*A% —4gA0y + 400,)/(40,), ¢ = —(g%A% -
4gAO,+12B0, + 460;) / (402)and ¢ = —(g?A% — 4gA01 — 12801 + 4001) / (461).

Proposition 1 shows that the two firms’ production selections follow two thresholds, including a
low threshold (i.e., c;) and a high threshold (i.e., ¢;). It shows that when the cost of the EV is sufficient
high (low), both firms choose to produce the energy-saving FVs (EVs). When the cost of the EV is
moderate, the firm with a lower technology capacity will choose to produce the EV, while the firm
with a higher technology capacity chooses to produce the FV. It should be noted that (E, F) is never the
NE. That is, as the cost of the EV decreases, the firm with the lower technology capacity (i.e., firm 2) for
increasing the energy-saving level of the FV would always produce the EV before the firm with the
high technology capacity (i.e., firm 1). This is because firm 2 has less competitive advantages than firm
1 if they both produce the FVs. When the cost of the EV is sufficiently small, firm 2 will produce the EV
instead of the FV thus lessening the competition, which could improve its profit. Moreover, as the
cost of the EV decreases to a sufficiently low level, leading to firm 1 producing the EV, firm 2 would
still produce the EV. Therefore, ¢, and ¢; can be considered as two thresholds for firm 2 and firm 1,
respectively, lower than which the firm 1 and firm 2 will produce the EV instead of the FV.

For simplification of the analysis, we use the superscripts “EF+”, “FE+”, and “EE+” to represent
the (E, F), (F, E), and (E, E) NE outcomes when the government provides no consumer subsidy:.

Corollary 1.

(Z) ap}l/ael <0, ap}z/aez <0, aCl/ael >0, 8cl/862 =0, 8ch/(962 >0, aCh/(991 =0; (10)

(ii) Bpﬁ*/a/\ >0, and 19;7?5*/(% >0 if 461 > 6, holds, 8p§§*/8/\ < 0 otherwise;

Qp?f*/a)\ > 0 and 8;7525/8)\ > 0. (1)

Corollary 1/(i) shows that if a firm’s technology capacity for improving the energy-saving level of
the FV is higher (i.e., as 07 or 6, decreases), the firm will increase the price for the FV. This result is
counter-intuitive. Usually, a higher technology capacity means a lower variable manufacturing cost,
so the firm should charge a lower price for the FV. However, as the firm’s technology capacity increases
(i.e., as 01 or O, decreases), the firm is willing to make more environmental effort (i.e., 8e’i /001 <0,
de,/d0, < 0), which increases the cost for improving the energy-saving level of FV. Thereby, the firm
will increase the price for the FV. In addition, the threshold for a firm engaging in producing the EV
is independent of the other firm’s technology capacity and decreases in its own technology capacity.
This fact implies that a higher technology capacity for improving the technology capacity will reduce
the firm’s willingness to produce the EV.

Corollary 1/(ii) shows the impact of consumer’s social responsibility on the price of FV and EV.
Specifically, as the consumer’s social responsibility is higher (i.e., as A increases), firm 1 would charge a
higher price for the FV. However, firm 2, having a lower technology capacity, would charge a higher
price for the FV as the social responsibility of the consumer rises, only if its technology capacity is
sufficiently high (i.e., 0 < 401); otherwise it would charge a lower price for the FV. This is because in a
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competing market setting where both two firms produce the FVs, firm 2 (that has a lower technology
capacity relative to firm 1) would face increasing competitive pressure from firm 1 as the gap of
their technology capacities increase. In particular, the consumers’ increasing social responsibility
will enhance the competitive pressure on firm 2. Therefore, when firm 2 faces a sufficiently large
competitive pressure because of the large gap of the two firms’ technology capacity, firm 2 would
charge a lower price for the FV to address the competition in the market as the social responsibility
of the consumer increases. Furthermore, if firm 2 chooses to produce the EV, it will charge the price
for the EV increasing in the consumers’ social responsibility because the high energy-saving of the
EV could reduce the competitive pressure from firm 1’s energy-saving FV as the consumers’ social
responsibility increases.

Notice that if the EV is not considered, the NE of the two firms would be (F, F). To further analyze
the impact of the emergence of the EV on the two firms, we derive the effect of the cost of the EV on the
firms’ profits.

Corollary 2.
It /e, > 0, InSE /e < 0, anFE /e, = 0, InEE /e, = 0. (12)

When the variable manufacturing cost of the EV is moderate so that firm 2 decides to produce the
EV and firm 1 produces the FV, firm 1’s profit will increase in ¢, and firm 2’s profit will decrease in c,.
These results are intuitive. As the variable manufacturing cost of the EV decreases, (i.e., ¢, decreases),
firm 2 would find it more profitable to produce the EV. Meanwhile, the competitive power of firm 2
relative to firm 1 would be enhanced. Therefore, firm 1 would gain the profit loss from the increase
of c,. To further compare the firms” profits under the NE (F, F) and (F, E), we can easily prove that
7zflT B < an *and 7.(12—“15* < nlz:F *, which means that the firm with the lower technology capacity will benefit
from the development of the EV, while the firm with the higher technology capacity will lose from
the emergence of the EV when the variable manufacturing cost of the EV is medium. If the variable
manufacturing cost of the EV is sufficiently low, leading to both firms producing the EVs, neither of
the two firms would dominate the other, thus the two firms get the same profit. In particular, we find
that the two firms’ profits are independent of c,.

4.2. The Case with Consumer Subsidy

In this section, we examine the scenario in which the government provides consumer subsidies
for green vehicles. We develop the following propositions and corollaries to examine the impact of the
consumer subsidies on the firms’ selections of vehicle type, equilibrium energy-saving levels for the
FVs, equilibrium pricing for the FV/EV, total environmental benefits, and the firms” profits. We use
superscript s+ to denote the equilibrium outcomes with the consumer subsidies.

Proposition 2. Under the consumer subsidy program, suppose ¢ < ¢, < ¢ and 0, — 61 < 1286102/ (gA + ¢)2,
we have:

(i) if ce > c;, then (F, F) is the unique pure NE and the equilibrium outcomes are
e = (A +9)/(201), & = (gA +¢)/(262),

(
pjfl = (40, — 01) (284 + )P/ (12010,) + (-g?A%01 + 4g°A20,+12B010,) / (12010;), and (13)
P, = (401 — 02)(2gA + @)/ (12010;) + (—g%A%0, + 4¢%A%01 + 1286010,)/ (126165);

— —

(i) if ¢ < ce <, then (F, E) is the unique pure NE and the equilibrium outcomes are

¢ = (81 +9)/(201), p} = (284 + ¢ = 01)/ (301) + (§7A* = gAOL + 3601 + 01 +661)/ (361), and

14
Sy = @(461—¢ — 2gA) / (1261) + (—g°A% + 4gA61 + 12B61 + 8c61 —4561)/(1261); (14)
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(iii) if ce < cj, then (E, E) is the unique pure NE and the equilibrium outcomes are

Py =B+ ce, and pl =+ (15)

where ¢§ = —(g*A% —4gA01 + 40601 + ¢p(2gA + ¢ —401))/ (461), ¢, = —(g*A* —4gA02 + 460, + P(2gA +
G —40,))/(407), ¢ = —(g2A? — 4gA0, + 12807 + 460, + H(2gA + ¢ — 40;)) / (405)and & =—(g?A? -
4901 — 1261 + 4601 + p(2gA + ¢ — 461))/ (464).

Proposition 2 shows similar results to that of Proposition 1. When the government offers the
consumer subsidy, both firms choose to adopt the same vehicle type, namely offering the energy-saving
FVs (if ¢, is sufficient small) or offering the EVs (if c, is sufficient large). The two firms would adopt the
different vehicle type only if c, is medium. In particular, the firm with a lower technology capacity will
offer the EV to address the competition.

By comparing Proposition 2 with Proposition 1, we get the results shown in Corollary 3, which indicate
the impacts of the consumer subsidy program on the firms’ decisions in a competing setting.

Corollary 3.
(i) ¢} > ¢, 05 > cp; (16)
(it) e > ef,i € {1,2}; (17)
(iif) P?fs* > P??;Pg“ > pg* 0, < 404 holds, verse vice; (18)
(iv) ptFs > png*;p?fs* > p?f* 01 < ¢ + 2gA holds, verse vice (19)
(0) pEF> > phF i e (1,2). (20)

Corollary 3/(i) shows that the consumer subsidy increases the two thresholds for the two firms
lower than when the two firms would produce the EV instead of producing the energy-saving FV.
Specifically, ¢} is for firm 1 and c; is for firm 2. Corollary 3/(ii) shows that with the consumer subsidy,
both firms would like to invest more in increasing the energy-saving levels of the FVs if they produce
the energy-saving FVs.

Corollary 3/(iii) (see Figure 1) shows the price comparison when both firms offer the energy-saving
FVs with and without the consumer subsidy. One may expect that the consumer subsidy would
encourage a firm to charge a higher price for the energy-saving FV. This is because the consumer subsidy
not only increases the consumers’ valuations on the FV/EV but also increases the energy-saving levels
of the FVs. However, Corollary 3/(iii) shows that firm 2 will set a lower price for the energy-saving
FV with the consumer subsidy, compared to that without the subsidy if its technology capacity of
improving the energy-saving level of the FV is extremely low (i.e., 02 > 40;). This is because the
amount of the consumer subsidy depends on the energy-saving level of the FV. It is obvious that if
both firms offer the FVs, the consumer subsidy would enhance the competitive advantages of the firm
with a higher technology capacity (i.e., firm 1) relative to the one with a lower technology capacity
(i.e., firm 2). If firm 1 has a sufficiently large competitive advantage compared to firm 2, and the
consumer subsidy increases such an advantage, then firm 2 would have to reduce its price for the FV
to retain its potential consumers.
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Figure 1. The prices of the two firms under NE (F, F).

Corollary 3/(iv) (see Figure 2) shows the price comparison when firm 1 produces the FV and firm
2 produces the EV in NE. Because the EV is greener than the energy-saving FV, the consumer subsidy
would enhance the competitive advantage of firm 2 relative to firm 1. Therefore, firm 2 will charge a
higher price for the EV with the consumer subsidy, compared to that without the consumer subsidy.
Moreover, instead of reducing the price, firm 1 will charge a higher price for the FV with the consumer
subsidy only if its technology capacity is high enough under which it could offer a sufficiently high
energy-saving level of FV to retain its potential consumers.

Price

0.8
—

0.6

0.4

Figure 2. The prices of the two firms under NE (F, E).
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Notice that if the two firms offer the EVs simultaneously, neither would dominate the other.
We find that the consumer subsidy makes no effect on the firms’ equilibrium pricing decisions, which is
shown by Corollary 3/(v).

5. The Impact of Consumer Subsidy

7

As discussed above, the government’s consumer subsidy program can influence the two firms
selections of green technology innovations and environmental efforts on improving the energy-saving
levels of the FVs, as well as the prices for the vehicles. In this section, we discuss sequentially the
impact of the consumer subsidy program on the profit, environment, and consumer surplus. As such,
we firstly examine the impact of the consumer subsidy on the profits in Proposition 3.

Proposition 3.
FFs

(i) 9T /9 > 0,0m5 /o < 0,0 [ | /99 > 0; (21)

FEs» FEs*
(ii) IyE* /9y < 0,9m5E" /9 > 0, and if 0 < ¢ < A holds, [ | /0¢ < 0, otherwise d [ [ /09 >0;  (22)

(iii) InEE /9 = 0,9n5E* /9 = 0, (23)

where Ady =207 — gA —2 /93 — .01 — 60.

Proposition 3 shows the impact of the consumer subsidy coefficient on the profit of firm 1 and 2,
and the total channel profit (i.e., the sum of the two firms’ profits, denoted as ][] under the NE (E, F),
(F, E), and (E, E).

As Proposition 3/(i) shows (see Figure 3), when firm 1 and 2 both provide FVs, the profit of firm 1
would increase and that of firm 2 would decrease as the consumer subsidy ¢ increases. The opposite
effects of ¢ on the two firms could be attributed to the competition between them. When the two firms
both offer energy-saving FVs, firm 1 would offer higher energy-saving levels than firm 2. Obviously,
a consumer could get more subsidies from purchasing the energy-saving FV of firm 1 than from
purchasing that of firm 2. Therefore, as the consumer subsidy rises, firm 1 would gain more competitive
advantages than firm 2, which largely reduces the sales of firm 2. Firm 2 would lose more profits as
its sales decrease. In particular, the whole profits (i.e., | ]) are improved under the consumer subsidy
program, which implies that the consumer subsidy could take more gains of profits to firm 1 relative to
the loss of profits to firm 2 when the two firms both offer the FVs.

As Proposition 3/(ii) (see Figure 4) demonstrates, when firm 1 produces FV and firm 2 provides
EV, the consumer subsidy still takes opposite effects on the two firms, but the increasing consumer
subsidy will decrease firm 1’s profit and increase firm 2’s profit. This is due to the fact that the EV
produced by firm 2 has a higher energy-saving level than the FV produced by firm 1, leading to a
higher consumer subsidy for the consumer who chooses the EV. Obviously, an increasing consumer
subsidy would reduce the competitive advantages of firm 1 relative to firm 2, which would be harmful
for firm 1 and beneficial for firm 2. Furthermore, it should be noted that the whole profits of the two
firms might decrease in the consumer subsidy while the intuition is that the government subsidy
would be beneficial for the firms. Our result shows that when the government subsidy is sufficiently
small (i.e., 0 < ¢ < A@), in spite of firm 2’s profit, it could be improved by the increasing the consumer
subsidy, firm 1’s profit decreases largely, thus the whole profits of the two firms would be hurt.
When firm 1 and 2 both produce EV, as Proposition 3/(iii) shows, we can see that the consumer subsidy
has no effect on the two firms’ profits.
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Figure 3. The profits of the two firms under NE (F, F).
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Figure 4. The profits of the two firms under NE (F, E).

In summary, an increasing consumer subsidy cannot be beneficial for both competing firms.
In particular, the firm that offers the vehicle with the higher energy-saving level will get benefits from
the consumer subsidy. The consumer subsidy could hurt the total profits of the two firms if the two
firms offer different vehicle types in NE and the consumer subsidy is at a low level, otherwise the
consumer subsidy always increases the total profit of the two firms.

We then define a metric for measuring total environmental benefits. AsShenetal. [10] and Figliozzi[41]
indicate, the carbon emissions released by a vehicle can be used to measure the environmental level of
the vehicle. Generally, a vehicle releasing more carbon emissions is more harmful to the environment.
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Note that an energy-saving FV that has an environmental quality e;, (i € {1,2}) can generate the
carbon emissions (1 —e;)g, while an EV generates zero carbon emission. We can write the total carbon
emissions of the two firms with the consumer subsidy, denoted by CE™"**,m, n € {E, F} under the three
NEs in Table 3.

Table 3. The total carbon emissions of the two firms in the three NEs.

Firm 2

F CEEFS* = (1 — el)gdfl + (1 — ez)gdfz CEFES* = (1 —€ )gdfl
/ CEEEs* —

We see that the total carbon emissions are determined by three factors: i) the selection of green
technology innovations of the two firms, ii) the demand for vehicles, and iii) the energy-saving levels
of the vehicles. By comparing the total carbon emissions with and without the consumer subsidy,
we can obtain Proposition 4.

Proposition 4. Comparing the carbon emissions with and without the consumer subsidy shows that CEFFs* < CEFF,

Proposition 4 indicates significant effects of the consumer subsidy in terms of protecting the
environment. It is generally believed that the consumer subsidy could encourage firms to provide
EVs with no carbon emissions and benefit the environment. In particular, when the two firms both
produce FVs and no EV is provided, the total carbon emission of all vehicles with the consumer
subsidy is still lower than that without the consumer subsidy (i.e., CEF'** < CEFF*). In other words,
although the consumer subsidy is originally designed to stimulate the production of EV to reduce the
carbon emission, it can still be beneficial to the environment if neither of the firms produce the EV
under certain conditions. This is because the energy-saving levels of FVs with the consumer subsidy
are higher than that without the subsidy (i.e., & > ¢;,i € {1,2} which is shown in Corollary 3/(ii)).
Therefore, in spite of the consumer subsidy program promoting the two firms’ sales of FVs significantly,
the carbon emissions will decline.

Socially responsible firms assess their operational performance from not only profit and
environment impact, but also consumer surplus (Shen et al. 2019). In the following, we evaluate
the impacts of the consumer subsidy on the consumer surplus, denoted by CS. We first write
CS™"* m,n € {E, F} under the three NEs when the government offers the consumer subsidy (Table 4).

Table 4. The consumer surplus under the three NEs.

Firm 2

Firm 1 F E
FFs+ _ (951 1 FEs+ __ (451 1
F CsF = [ opdet [ vppdx  CSTE = [Mopdat [ vodx
. d 1
E - CSEEs = [ 1veldx—i-fdﬁ1 Vepdx

By comparing the consumer surpluses with and without the consumer subsidy, we can get
Proposition 5.

Proposition 5.
(i) dCSEEs* /a¢ > 0; (24)

(i) ACSTES /o < 0if 0 < p < Ap and 6 > AS both hold, and ICSFES /9 > 0 otherwise, ~ (25)
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where Ap = 201 — gA =2 ,]02 — .01 — 661and A5 = 9B(201 + gA + ¢)/ (201 — gA — §) — (4c.01 +
(81 +¢)*~4(gA +¢)61)/ (461).

Proposition 5 points out the relationship between the consumer surplus and the consumer subsidy.
dCSFFs* /9 > 0 shows that the consumer subsidy always benefits the consumers if both firms offer the
energy-saving FVs. This is because the consumer subsidy not only improves the energy-saving levels
of the FVs but also subsidizes the consumer who purchases the FV directly. However, if firm 2 decides
to offer the EV while firm 1 offers the FV, the consumer surplus would be reduced as the consumer
subsidy increases if the conditions 0 < ¢ < A¢ and 6 > A are both satisfied. Specifically, if 0 < ¢ < A¢p
holds, indicating that if the government offers a small subsidy, the energy-saving level of firm 1’s FV
would be improved slightly. Furthermore, a large 6 (i.e., 0 > Ad) means a high degree of inconvenience
of the EV to the consumer, leading to a low consumer surplus for the consumers who purchase the EVs.
While increasing the consumer subsidy could induce more consumers to purchase the EVs, a large
inconvenience of the EV to the consumer makes such a shift harmful for the consumer surplus.

Combining Propositions 3 and 5, we can see that the consumer subsidy offered by the government
could hurt the consumer and the firms simultaneously if the subsidy is at a low level and the degree
of inconvenience of the EV to consumers is high, when the two competing firms choose the different
types of vehicles.

6. Conclusions

In order to slow the speed of environmental pollution, it is generally accepted that the government
supports the consumer with an incentive subsidy to promote the development of green vehicles in
the automobile industry. While the government usually provides a higher subsidy (price discount,
etc.) for the consumer to purchase a vehicle with a higher energy-saving level, the pure electric
vehicle (EV) would be more attractive to consumers than the energy-saving fuel vehicle (FV) because
of its higher energy-saving level. However, the limited supporting infrastructure for the operation
of the EV (e.g., charging stations, etc.) reduces the consumer’s valuation on the pure EV. Therefore,
the vehicle firms need to decide to produce either the energy-saving FV or the pure EV, especially in a
competing context.

This paper constructs an oligopolistic competition game model where two vehicle firms choose to
produce the pure EV or the energy-saving FV. The analysis of Nash equilibrium results shows each
firm’s optimal green technology innovation selections and price decision for FV or EV, as well as the
energy-saving level for the FV (if it decides to produce the FV). Furthermore, while the consumer
subsidy supported by the government is taken into account, the impacts of the consumer subsidy on
the firms’ profit, environment, and the consumer surplus are examined by comparing the equilibrium
outcomes with and without the consumer subsidy.

We find the following results. Firstly, there are changing Nash equilibriums as the variable
manufacturing cost of the pure EV varies. In addition to both firms choosing the same vehicle type,
i.e., producing energy-saving FVs or pure EVs, if the two firms choose different vehicle types, the firm
with a lower technology capacity for improving the energy-saving level of the FV (i.e., firm 2) would
offer the pure EV and the other firm (i.e., firm 1) offers the energy-saving FV, while the converse is
not true. In this case, the decreasing variable manufacturing cost of the pure EV will benefit firm
2 and make firm 1 lose in a competing context. Therefore, the development of the EV technology
may hurt some vehicle firms having the advanced technologies and producing the energy-saving FV.
This finding can well explain why Toyota, the leader of firms producing hybrid vehicles, disclosed its
key technologies in order to shorten the gap of technology capacity with other competitors. We also
find that both firms would charge lower retail prices as the variable manufacturing cost of the EV
decreases. We further derive conditions under which each Nash equilibrium exists. We see that the
consumer subsidy can influence not only the conditions but also the two firms’ equilibrium decisions,
and eventually influence the environment, profits, and consumer surplus.



Int. |. Environ. Res. Public Health 2020, 17,7518 17 of 24

Secondly, we prove that consumer subsidy programs could reduce carbon emissions in a
competing context in two ways. The first is making both firms more likely to produce pure EVs instead
of energy-saving FVs, and the second is encouraging both firms to increase energy-saving levels of FVs
if they decide to produce FVs. These results reveal approaches of the consumer subsidy to improve the
environment. In particular, it indicates that although some consumer subsidies are not high enough to
promote sales of pure EVs, just as the government expects, they could increase energy-saving levels of
FVs and eventually reduce the carbon emissions. In addition, while one may expect that the consumer
subsidy can encourage a firm to charge a higher price for the energy-saving FV and EV, we find that the
firm producing the less energy-saving vehicle will charge a lower price under the consumer subsidy
program than that under no subsidy program. This is because the consumer subsidy would enhance
the competitive advantage of the firm producing the higher energy-saving vehicle. The firm producing
vehicles with the lower energy-saving vehicle would have to reduce its price to retain its potential
consumers. This result proves the effectiveness of consumer subsidiary in improving the environment
and provides guidance for firms to charge prices for consumers in a competitive context.

Thirdly, we find the conflicting effects of the consumer subsidy on the two firms’ profits because
of the competition between them. Specifically, the firm that offers the higher energy-saving vehicle will
get benefits while the other firm always gets the loss from the increasing consumer subsidy. In addition,
we are surprised to find that the consumer subsidy could hurt the total profits of both firms if they offer
different vehicle types and the consumer subsidy is at a low level; otherwise, the consumer subsidy
always increases the total profit of the two firms.

Finally, we find that the consumer subsidy always benefits the consumers if both two firms offer
the energy-saving FVs. This is because the consumer subsidy not only improves the energy-saving
levels of the FVs but also subsidizes the consumer who purchases the FV directly. However, if the firm
with the lower technology capacity decides to offer the EV while the firm with the higher technology
capacity offers the FV, the consumer surplus would be harmed by increasing the consumer subsidy
under certain conditions, namely if the government offers a small subsidy and there is a high degree
of inconvenience of the EV to the consumer. This is because increasing the consumer subsidy could
induce more consumers to purchase the EVs, and the large inconvenience of the EV to the consumer
makes such a shift harmful for the consumer surplus. This result indicates that the government should
take the supporting infrastructure of EVs into account while launching a consumer subsidy program.

7. Future Research

Our research can be further extended in several directions. First, the environmental quality level
of EV could be considered in future. In fact, although the percentage of greenhouse gas emissions
by electric-driving vehicles is much smaller than that of fuel-driving vehicles, the battery life of EV
could also influence the environmental quality indirectly. Second, to be more realistic, we could
consider both environmentally and not environmentally conscious consumers in a market. Finally, it is
more meaningful to investigate the difference in efficiencies between the consumer subsidy and other
policies, such as the manufacturer subsidy, R&D subsidy, and credit policy.
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Appendix A

Proof of Propositions 1 and 2
If a consumer purchases an energy-saving FV produced by firm i,i € {1, 2}, its valuation is given by
vfl:V—ﬁx—/\(l—el)g—pfl—i—(pel (A1)
v, = V=B(1-x) =A(1-e2)g —pp, + Pea (A2)
If the consumer purchases an EV produced by firm i,i € {1,2}, a consumer’s valuation is given by
Ve =V —BxX—pa—0+¢ (A3)

Vo=V —-B(1-x)—p2—0+¢ (A4)

If both firms produce FVs, denoted by case (F, F), we solve vy = vy, to get x = ((gA + ¢)(e1 —

e)+p—p1+p2)/2Band1—x=1-((gA + ¢)(e1 —e2) + B — p1 + p2)/2p, which are the sales of FV

by firm 1 and firm 2, respectively. Similarly, the sales under the case (F, E), (E, F), and (E, E) can be

derived as shown in Table A1, denoted bydy;(i € {1,2},k € {e, f}). Further, the profits of the firms in the
four cases can be obtained, denoted by n;.”",i e {1,2},m,ne{E,F}. O

Table Al. The sales and profits of the firms in the four cases with a consumer subsidy.

dpp = ((gA +)(e1 —e2) +B—ps1 +pp2)/(2B);
- dpp =1-((gA+¢)(e1—e2) +p—ps1+ps2)/(28);
(£ F). i = (psr - 0163)dpy;
7'(12:1: = (pf2_92€§)df2;
dip = ((gA+¢)(e1 = 1) +B—ps1 +pe2)/ (2B);
dp =1-((gA+)(e1=1) +B—ps1 +pea)/(28);

F E
& E) E = (pp - 0162)dy;
7T12:E = (Pe2 — Ce)de2;

de = (A +@)(1—e2) +B—0—pa +ps)/(28);
dpp=1-((gA+¢)(1—e2) +B-0—pea +ps2)/(28);

(E, F) an = (Pe1 — Ce)det;
15E = (pg2 — 0263)d;
der = (B + pe2 —per)/ (2B);
(E, E) dp =1~ (ﬁ + Pe2 _pel)/(zﬁ)/

nfE = (Pe1 — Ce)det;
ngE = (Pe2 = Ce)dea-

Note: If the government provides no consumer subsidy, then ¢ = 0.

In the case (F, F), we firstly solve 871?E /df1 = 0and onkt /o 2 = 0 to get the best response prices
of the two firms, namely

pr1 = (20167 + 0265 + (§A + ) (e1 —e2) +38) /3 (AD)

P2 = (20265 + 016} + (gA + ¢)(e2 —e1) +3p)/3 (A6)

Then, we solve 87‘ch /91 = 0 and dnkF /9, = 0 to get the optimal energy-saving levels of the
two FVs offered by the two firms, namely ef* = (gA + ¢)/(201) ande)” = (gA + ¢)/(202). Taking

e]" and ¢} into Equations (A8) and (A9), we can get the equilibrium prices, namely pjf*l = (46, —
61)(28A + )/ (12016,) + (-g>A%01 + 4¢>A%02 + 12$6162)/ (126,62) and Pr = (401 02)(2gA +

O/ (12010,) + (—=g%A%0, + 48°A%01 + 128010,) / (120,0,).



Int. |. Environ. Res. Public Health 2020, 17,7518 19 of 24

Similarly, we summarize the equilibrium outcomes about the energy-saving level of FV and the
prices under the other cases (Table A2).

Table A2. The equilibrium outcomes with a consumer subsidy in the four cases.

= (8A+¢)/(201); 65 = (81 +¢)/(202);
P = (402 - 01)(28A + @)/ (12010) + (—8°A%01 + 48°A20, +120,0,) / (1201 6,);

EF) P = (401-02)(281 + )¢/ (1201602) + (=g°A202 +482A291 +1266102)/(12610,);

rEFst = (128616, + (62— 61) (gA + )2 ) / (28860363);

rEFs* = (128610, + (61— 02) (g1 + §)?) "/ (28866262);

el = (gA +¢)/(201);
P = 0281+ ¢ = 01)/(301) + (§2A% = gA01 + 3601 + c01 +601)/ (301);
(EE) P = 0401 - ¢ —28A)/(1201) + (—g2A2 + 4gA01 + 1266, + 8cc01 = 4061)/(1261);
B = ((~4gA + 126 + 4c + 46— 4¢)0; + (g1 + §)° ) /(288667);
rEES — ((4gA + 126 — dc — 45 + 40)0; — (A + )2)" / (288862);

= (gA+ )/ (202);
i = (A +3p+20-0+¢)/3~ (gA + )%/ (1262);
(E,F) P =(-gA+3+c+56-0)/3+ (A +¢)*/ (1292)

rEFS = ((4gA + 126 — dc — 45 + 40) 0 — (g + )2)°/ (288562);
nng* - (( 4gA + 128+ do + 45— 49)02 + (g1 + ¢)?)"/ (288662);
(E, E) ﬁ+ce/ ez ,3+Cg, EES* _ ﬁ/z nEEs* _ ‘3/2

To ensure the prices and sales of vehicles are non-negative, we take ¢5* and p7; into
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ds and dy; under the case (F, F), and then solve dy; > 0 and dp, > 0 to get the ConstJ;amt condition
0y — 61 < 12861602/ (gA + qb)z Similarly, under the case (F, E) and case (E, F), the conditions d; > 0
and dp > 0 should be satisfied. It is easy to get the final constraint conditions on c,, namely
¢S <ce <T,wherec® = —(g2A2 — 4910, + 1280, + 4502 + (291 + ¢ —46,)) / (40,2) and & = —(g?A? —
49101 — 1201 + 4661 + $(2gA + ¢ —461))/(461). Note that the d; and dy under the case (E, E) are
always positive.
The game activities by the two firms about the four possible cases are shown in Table A3.

Table A3. The equilibrium conditions in the four cases with a consumer subsidy.

Firm 2

mF > ntF 0 <c < mhE > nlE — ¢, <c5 orc, > c3
F mtE > 7l & s <o < FE S 7fF 0, < >
b b 3 < Ce <C(C4 772 ﬂz Ce <C1 OrcCe > (2
> mF — ¢, <3 0rce > ¢4 mhE > mlE -5 <o <3
E nEF > pEE S0, < ¢ > EE 5 nEF o <, <
£ 5 e < Cg O Co > €1 n5E > nb Ce < Ce <01

(i) if the Nash equilibrium case is (F, F), then the conditions /f > wEF and nff > =fE should
q 1 1 2 2

be satisfied. Thus, we get the constraint conditions on c,, i.e., c; < c, < c2 and ¢3 < ¢, < ¢4,
where ¢; = —(g2A2 —4gA0; + 4607 + P(2gA + p —40,))/ (40,), co = (gA + 68— 06 + ) + (61 —
20,)(gA +§)*/ (40102), c3 = —(g2A2 — 4gA01 + 4601 + P(2gA + b —401))/(461), cx = (gA +
6B —0+) + (02 —2601)(gA + ¢)*/ (4616,).

(ii) if the Nash equilibrium case is (F, E), then the conditions nfE > nfE and 7'(12:’5 > nIZ:F should be
satisfied. Thus, we get the constraint conditions on ¢, i.e., ¢, < c5 or ¢, > ¢3, and ¢, < ¢ or ¢, > ¢,

where 5 = —(g2A% — 49101 + 4601 + 24B01 + ¢(2gA + ¢ — 401))/ (461).
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(iii) if the Nash equilibrium case is (E, F), then the conditions n’fF > an and nEF > ngE should be
satisfied. Thus, we get the constraint conditions on c, that ¢, < c3 or ¢, > ¢4, and ¢, < ¢, 01 Ce > €3,
where ¢g = —(g2A% — 4gA0; + 460, + 24B0, + P(2gA + ¢ — 40,))/ (465).

(iv) if the Nash equilibrium case is (E, E), then the conditions nfE > nf Eand ngE > nEF should be

satisfied. Thus, we get the constraint conditions on ¢, i.e., c5 < c. < cz and cs < ¢, < cy.

Based on the calculation above, we assume that 0, — 61 < 128010,/ (gA + @)2 and ¢ <c, <C.
It is easy to prove thatcs < cg < ¢® <c3 <c1 < ¢ < ¢y < c4. We denote c3 as Cl and c; as ch, where
¢ = —(g*A% —4gA01 + 4001 + ¢p(2gA + ¢ —461))/(461) and ¢, = —(g*A? — 4gA6; + 406, + (281 +
¢ —40,))/(40;).

By integrating the constraint conditions of each case, we can deduce: (i) if the Nash equilibrium
case is (F, F), the condition cz < ¢, < ¢ should be satisfied; (ii) if the Nash equilibrium case is (F, E),
the condition ¢} < ¢, < ¢; should be satisfied; (iii) the case (E, F) would not be the Nash equilibrium;
or (iv) if the Nash equilibrium case is (E, E), then the condition ¢® < c, < c? should be satisfied.

The Proposition 2 is proven.

If the government provides no consumer subsidy, then ¢ = 0. Thus, the equilibrium outcomes
and conditions without a consumer subsidy can be shown (Table A4). For a more detailed proving
process, please refer to the proof of Proposition 2.

Table A4. The equilibrium outcomes and conditions without a consumer subsidy.

Cases  Conditions Equilibrium Outcomes
e) = gA/(201); e, = gA/(202);

phy = (-87A%01 + 4971202 +120,02)/ (1201 02);
(F, F) c>¢, pg* = (-g2A%0, +4¢%A%01 + 12[36192) (12010,);

it = (120160, + (62— 61) (31 + ) ) /(288667063);
FF* = (1280102 + (01 — 02)(gA + §)° ) /(28886363);
¢ = gA/(261);
Pl = (82A% = gA0y + 301 +c.01 +601)/(301);
(EE) ¢ <c<c, Pl =(-8°A%+4gA01 +1280; + 8c.01 — 4591) /(1201);
B = ((—4gA + 128+ 4c +40)01 + ngz (288B62);
b = (481 + 128 — 4c — 40)6; — A2y /(288867);
(E E) e < pEE = B+ o pEE = B+ oy mbEr = B/2; mEE = B/2.

Notec, = —(g?A% —4g)\0; +4001)/(461), c = —(g?A2 —4g)\0, +450,)/ (463). Suppose ¢ < ¢, < ¢ and 6, — 01 <
1280102/ (g%A%), where c = —(g?A? —4gA0, + 1280, +460,) / (40;) and ¢ = —(g?A% —4gA01 — 12801 +4501) / (401)
(Q.E.D, Latin abbreviation “quod erat demonstrandum”, says it has been proven).

Proof of Corollary 1

Based on equilibrium outcomes in Table A4, we can get

IpTE 1961 = IpTE 190, = ~g?A%/ (362) < 0, IpTE: /96, = —g2A%/ (363) <0,

2 2 2 (A7)
3C1/891 A /(491) > 0, 3c1/&92 = 0 3ch/891 = 0,

and
dcy /90, = §*A%/(463) > 0. (A8)

In addition, we get that
FF* /oA = PN (46, — 61)/(66,6,) > 0 andapFE* /IA = dpLr* /oA = g(2gA — 01)/(361) > 0. (A9)

Solving ap P+ /9N > 0, we can get ¢>A(40; — 02) /(6010,) > 0, i.e., 407 > 0;.
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Corollary 1 is proven (Q.E.D). O

Proof of Corollary 2

Based on the equilibrium outcomes in Table A4, we can get

ontE /9, = (§2A% + 461 (—gA + 3B+ c. +0))/ (36861) > 0

A10
IryE /dc, = (§°A* + 401 (-gA =3B +c. +6))/ (3601) < 0, IntE* /dc, = onsE* /dc, = 0 (A10)
The Corollary 2 is proven (Q.E.D). O
Proof of Corollary 3
Based on the equilibrium conditions in the proof of Propositions 1 and 2, we get
Ci - = —@(Zg/\ +¢- 491)/(491) >0, CZ —Ccp = —(p(2g/\ +¢ - 492)/(492) > 0. (A11)

According to the equilibrium outcomes with and without a consumer subsidy (in Tables A2 and A4,
respectively), we deduce that

e e = ¢/(201) > 0,¢5 —e5 = ¢/(202) > 0, p?;s* —p?{* = (40, — 01)(2gA + ¢)/(12010,) > O,
prES* - png* = (461 —2gA — @)/ (126071) > 0 (because of the assumption 201 > 2gA + ¢),

Pa =Pa =Po =Pg =Bt (A12)

Besides, due to pgs* - pg* = (401 — 0,2)(2gA + )/ (126,0,), we can easily get that pgs* > pg*

if 0 < 407 holds, verse vice. Similarly, owing to p?lfs* - pif* = ¢p(2¢A + ¢ — 61)/(361), we can get that
pifS* > p?f* if 61 < ng + (]5 hOldS, and pifs* < p?f* if 6] > ZgA + (P holds.

The Corollary 3 is proven (Q.E.D). O

Proof of Proposition 3
The total carbon emissions generated by the two firms are given in Table 3. By taking the
equilibrium results e and p}:l. into dki and CE™™*,i € {1,2},m,n € {E, F}, k € {e, f}, it is easy to prove that

CEFFs* — CEFF* = ¢(1 — e )y +g(1-e3)dy, — g(1-€))dy, — g(1-€;)dy, = —gA(3gA(gA + @)

Al
(01-02)% + ¢2(01 = 62)” + 1280105(01 + 02)) / (4860303) <. (A9

The Proposition 3 is proven (Q.E.D). O

Proof of Proposition 4

Based on Table A2, we can calculate that

InEF /9 = ((gA + ¢)° (02— 01)* +1260102(gA + ) (02 — 01)) / (72p6363) > 0,
IEF /9 = (g1 +¢)(61— 02) (g + §)* + 12p616) / (72p6363) <0,

A1 /99 = (62~ 61)* (31 +)*/ (3686363) > 0,

InEE 19 = (A + §)° + 01 (—4gA + 128 + dc, + 46 — 49)) ) (gA + ¢ — 201) / (7262) <0,
InEES 19 = ((gA + §)° + 01 (=484 — 128 + dc. + 46 — 4)) (A + ¢ — 201) / (72p63) > 0,
InEEs* /3 = 0, and InEF /9 = 0.

(A14)

Besides, to ensure 9 [[75 /d¢p < 0 where 9 [[7F /ap = ((gA + ¢)* + 01(—4gA + 4c, + 40 —
49))(gA+¢ — 201)/(36B67), we can get the condition 0 < ¢ < A¢, where Ap = 260 — gA —

2,[9% —Ceel —691.
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The Proposition 4 is proven (Q.E.D). O

Proof of Proposition 5

By purchasing vehicles produced by firm 1 and firm 2, the consumer surplus function is given
. i . d 1 . 1
in Table 4. Specifically, CS'* = ﬁ) n (vp1)dx + fdﬂ (vf2)dx and CSTE = fo n (vp1)dx + fdfl (ve2)dx. By
taking e} /ei* and py, /p;” into the Equations (A1)—(A4), and then taking vy and vy, into CS™", we can get

ICSFE /9 = (A01 —28A02 + P01 — $02) (gAO1 + P01 — 902) + 02(g2A20; + 3602 + 36010, and (A15)
ICSTE /0p = ((gA + ¢ —201) (401 (5 + ce) + (g1 + §)° —4(gA +¢)01) +36B(gA + b +261))/ (144B63).

Solving dCSFE /9 < 0, we find conditions 0 < ¢ < A¢ and & > Ad should be both satisfied,
where Ap = 20 — gA —2,/07 —c,01 — 561 and A6 = 9B(261 + gA + §)/ (261 — gA — ¢) — (4c.01 +

(g1 +0)*~4(gA + §)61)/ (461).
The Proposition 5 is proven (Q.E.D). O
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