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Abstract: The evolution of tax exemption policies and consumer preferences for low-carbon products
affect firms” optimal pricing strategy selection in a competitive duopoly market. In our study, we
build a two-period pricing model to examine the pricing strategy choices between low-carbon and
traditional firms. Low-carbon firms offer consumers greater value, improving their overall experience
and satisfaction. Given the evolution of government policies from tax exemption to taxation for
low-carbon products, we divide the changes in carbon tax into two periods. Since each firm can
choose either the uniform pricing strategy (setting the same price in both periods) or the tiered
pricing strategy (setting different prices for two periods), four scenarios may occur. Conventional
wisdom suggests that a firm’s pricing increases should result in a reduction in consumer demand.
Interestingly, our results show that as traditional firm raises prices, consumer demand for traditional
products could increase simultaneously in the second period. In such a case, the low-carbon firm
selects the uniform pricing strategy and the traditional firm chooses the tiered pricing strategy.
Moreover, as tax exemption policies evolve in duopoly markets, the cancellation of the tax exemption
policy may intensify competition between traditional and low-carbon firms under certain conditions.
Furthermore, given one firm’s pricing strategy, our results show that the other firm could adopt either
a uniform pricing strategy or a tiered pricing strategy, which depends on the low-carbon advantage
and tax rate.

Keywords: tax exemption policy evolution; firm competition; uniform pricing; tiered pricing;
low-carbon

MSC: 91-10; 91A23

1. Introduction

To enhance independent innovation capability and promote the stable development
of China’s automobile industry, the Chinese government adopts tax exemption policies for
consumers purchasing new energy vehicles (NEVs policy) (https:/ /www.gov.cn/zwgk /20
09-03/20/content_1264324.html, accessed on 3 March 2024). The NEVs policy increases
the popularity of new energy vehicles among consumers, accelerates the technological
advancements in batteries, motors, and related components, and promotes the development
of charging infrastructure. Despite the gradual reduction in tax exemptions in recent
years, the market sales of new energy vehicles (NEVS) are experiencing explosive growth,
indicating significant consumer demand for new energy vehicles (http:/ /www.xinhuanet.
com/fortune/2023-02/21/¢c_1129382110.htm, accessed on 3 March 2024). At the end of
2021, the Ministry of Finance and other departments announced that the 13-year tax
exemption policy for new energy vehicles would be terminated by 31 December 2022
(https://www.gov.cn/zhengce/zhengceku /2021-12/31/content_5665857.htm, accessed on
3 March 2024). The policy signifies that consumers buying new energy vehicles have to pay
more carbon tax. To support the development of the new energy vehicle industry, in June
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2023, the Ministry of Finance, the State Taxation Administration, and other departments
renewed and optimized matters related to the tax exemption policy for new energy vehicles
until 31 December 2027 (https:/ /www.gov.cn/zhengce/zhengceku /202306 / content_6887
734.htm, accessed on 3 March 2024).

Similarly, Western countries are tightening their policies on subsidies for new en-
ergy vehicles. For example, Germany originally plans to maintain its electric vehicle
subsidy policy until the end of 2024. However, in December 2023, the German gov-
ernment declared that it would no longer accept new applications for electric vehicle
purchase subsidies (https://www.reuters.com/business/autos-transportation/germany-
end-e-vehicle-subsidy-programme-2023-12-16/, accessed on 23 April 2024). This sug-
gests that Germany is on track to become a country that phases out subsidies for new
energy vehicles. At the same time, the Inflation Reduction Act and recent guidance
indicate that the U.S. government is narrowing the scope of its electric vehicle subsi-
dies. The requirements for electric vehicles to qualify for subsidies through 2025 in-
clude stricter component specifications that exclude most electric vehicles in the U.S. mar-
ket (https:/ /www.reuters.com/business/autos-transportation/how-us-electric-vehicle-
subsidy-rules-impact-europe-2023-03-30/, accessed on 23 April 2024). Overall, with the
rapid increase in global electric vehicle sales, subsidies or tax exemptions for new energy
vehicles may be phased out in certain countries. As carbon tax policies evolve, firms in the
market must consider the choice of pricing strategies to maximize profits. Specifically, we
divide the period before and after tax policy changes into two periods. Utilizing a two-
period game theoretical model, we investigate the impact of carbon tax policy evolution
and consumer preferences for low-carbon products on the pricing decisions of competitive
firms. We consider two pricing strategies: a uniform pricing strategy and tiered pricing
strategy. The former refers to the firm setting the same price in both periods; the latter
refers to the firm setting different prices in each period.

In the rapidly evolving market, understanding the optimal pricing strategies for firms
in competitive environments is crucial for decision makers. Pricing is a crucial strategy for
firms in competitive markets. Tesla, a leading electric vehicle manufacturer, is introducing
more incentives to boost demand for its electric vehicles. In early 2024, Tesla joined the
price war on its best-selling electric vehicles, the Model 3 and Model Y, resulting in price
reductions of several thousand USD (https:/ /www.wsj.com/business/autos/tesla-rolls-
out-more-china-discounts-as-price-war-with-byd-heats-up-ecdbbalc, accessed on 23 April
2024). Additionally, with government incentives, the starting price of the Model 3 is USD
300 less than that of the cheapest BMW 3 Series sedan. Similarly, Ford also lowered the
price of its electric vehicle, the Mustang Mach-E (https://www.nytimes.com/2023/02/10
/business/electric-vehicles-price-cost.html, accessed on 23 April 2024). In China’s largest
auto market, a fierce price war is underway. In March of 2024, Volkswagen’s joint venture
in China reduced the price of its ID.3 electric vehicle by 18%. Changan Automobile, a
state-owned car manufacturer in China, provided incentives such as USD 3000 cash rebates
and free charging credits for its electric vehicles. BYD, China’s largest electric vehicle
manufacturer, conducted a second round of price cuts on some older models within a
month (https:/ /www.nytimes.com/2023/04/17 /business/china-electric-vehicle-prices.
html, accessed on 23 April 2024).

The above business practices demonstrate that competition between companies can di-
minish their potential market profits and impact their choice of pricing strategies. Although
tiered pricing can potentially enhance a firm’s profits from consumers, it may also result
in reduced profits for rival firms. This is because some consumers may switch to the firm
offering a tiered pricing strategy, resulting in a loss of consumers for competitors. Thus,
in the tradeoff process, each firm in a competitive environment must carefully consider
a crucial tradeoff whether to adopt uniform pricing or tiered pricing. Recognizing that
previous studies give limited attention to investigating the effects of tax exemption policy
evolution on the equilibrium pricing strategies in the context of firm competition. To fill
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this gap, our study examines the impact of evolving tax exemption policies and consumer
preferences for low-carbon products on pricing strategies within a duopoly market.

In our study, a two-period analytical model is to be developed. In the model, a low-
carbon firm competes with a traditional firm to sell substitutable products in a duopoly
market, and only one of them invests in low-carbon technology. Our study aims to explore
the following research questions: (1) How does the tax exemption policy evolution affect firms’
optimal pricing strategies (uniform pricing or tiered pricing)? (2) How does a product’s low-carbon
advantage affect a firm’s specific pricing under a uniform pricing strategy? (3) How does the
equilibrium of a uniform pricing strategy compare to that of a tiered pricing strateqy? To answer
the above questions, we investigate how the evolution of carbon tax policies and consumer
preferences for low-carbon products affect the pricing decisions of competitive firms in
a duopoly market. We first derive the equilibrium results under four scenarios: (1) (U,
U), both low-carbon and traditional firms set the same price over two periods; (2) (U, T),
low-carbon firm selects uniform pricing, traditional firm adopts tiered pricing; (3) (T, U),
low-carbon firm chooses tiered pricing, traditional firm adopts uniform pricing; and (4) (T,
T), both firms select tiered pricing. In the case of adopting uniform pricing by the low-
carbon or traditional firm, we compare the uniform pricing and tiered pricing strategies
between low-carbon and traditional firms to discuss the optimal pricing selection. Similarly,
in the scenario where a low-carbon or traditional firm adopts tiered pricing, we compare
uniform pricing and tiered pricing strategies between low-carbon and traditional firms to
discuss the optimal pricing selection choice.

Our core results and contributions are as follows. First, conventional wisdom suggests
that an increase in the price of a firm’s products should lead to a reduction in demand.
Interestingly, contrary to conventional wisdom, our results show that consumer demand
increases for traditional products when traditional firms raise prices in the second period
under the evolution of the carbon tax policy. Second, our results demonstrate that removing
the tax exemption policy can escalate competition among firms under specific circumstances.
Third, given one firm’s pricing strategy, our results show that the equilibrium strategy for
the other player can be either a uniform pricing or a tiered pricing strategy, neither of which
is strictly dominant. Finally, our study enriches the research on firms’ pricing selection
by considering the carbon tax policy and consumers’ low-carbon preferences. Although
some previous studies have focused on the impact of carbon policies on firms’ pricing
decisions, to our knowledge, the literature on the design of optimal government carbon
policies mainly concentrates on one carbon policy or a comparison of different policies.
Our study is the first to consider the influence of the evolving process of carbon tax policy
on firms’ pricing selection. The practical implications of our results are significant. As
governments worldwide reconsider tax exemption policies for low-carbon products, our
study provides critical insights into how these changes impact firms’ pricing strategies.
By examining the competitive interactions between low-carbon and traditional firms, we
offer guidance on how businesses can adjust their pricing models to maintain profitability
and market share. Our study highlights that the removal of tax exemptions can intensify
competition and shift consumer demand patterns, suggesting that firms must be agile in
their strategic planning to navigate these regulatory changes effectively.

The remainder of this paper is organized as follows. The previous literature is reviewed
in Section 2, and the model setting is introduced in Section 3. In Section 4, we provide the
pricing strategy selection under four scenarios: (U, U), (U, T), (T, U), and (T, T), respectively.
We compare different scenarios to discuss equilibrium pricing strategies in Section 5. Finally,
Section 6 provides the conclusion.

2. Literature Review

Our study is closely related to three streams of literature: (i) operation strategies under
carbon emission regulation, (ii) pricing strategies, and (iii) competing markets.
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2.1. Operation Strategies under Carbon Emission Regulation

Numerous scholars study the impact of carbon abatement policies on the operations
decisions at the firm level. Existing research considers various carbon emission regulations,
including carbon tax policies, subsidies, cap-and-trade policies, etc. For example, Under car-
bon offsetting, the authors of ref. [1] examine the strategic choices a firm makes to reduce its
carbon footprint. They find that when the firm chooses to reduce emissions internally rather
than purchase carbon offsets, consumers show a clear preference and willingness to pay
for the company’s carbon footprint reduction, especially among eco-conscious consumers.
Moreover, combining environmental policies such as taxes, subsidies, and rebates enables
regulators to consistently maximize welfare, especially when optimal green technology
aligns with centralized solutions. By combining cap-and-trade and tax policy, the authors
of ref. [2] examine the influence of carbon emissions trading and carbon tax policies on
manufacturers’ decisions regarding production and inventory management. They find that
an increase in carbon prices contributes to augmenting the overall profits of manufacturers.
Similarly, the authors of ref. [3] study the impact of environmental taxes and subsidies on a
supply chain. They find that the subsidy policy gives manufacturers a greater incentive to
reduce pollution and leads to higher profits for both manufacturer and retailers. The authors
of ref. [4] examine the effects of emission tax and mandatory emission capacity regulations
on a manufacturer’s production choices facing stochastic demand. Moreover, the authors of
ref. [5] examine a firm’s investment and production decisions related to technology under
cap-and-trade and carbon tax policies. They find that firms prioritize increased technology
investment over production flexibility when there is a positive correlation between the sales
and permit trading market. Under regulatory policies such as carbon tax, carbon offset,
and carbon cap-and-trade, the authors of ref. [6] investigate emissions reduction strategies
for manufacturers in the production, transportation, storage, and disposal of deteriorating
products. They find that the carbon cap-and-trade policy is the most effective among the
strategies aimed at reducing carbon footprint. Compared with other carbon policies, carbon
tax has unique advantages, such as low cost and flexible implementation. Many countries,
for example, the United States (http://articles.latimes.com /2013 /jun/05/autos/la-fi-hy-
autos-electric-cars-sold-out-20130605, accessed on 23 April 2024), the United Kingdom,
and Colombia (http://www.fin.gov.bc.ca/tbs/tp/climate/carbon_tax.htm, accessed on
23 April 2024) implement carbon taxes as strategies to mitigate carbon emissions. In recent
years, numerous scholars have studied the necessity and feasibility of carbon tax policies
for enterprises’ carbon abatement operations [7-10]. The authors of ref. [11] investigate the
pricing strategy and production policies of two competing firms under the carbon tax. They
find that when a firm incurs a higher carbon emissions tax, the firm gains a higher carbon
emissions reduction compared to the competing firm. Through data envelopment analysis,
ref. [12] examine the optimal pricing strategy of two competing firms under carbon tax.
Divided into two periods with two tax prices, the authors of [13] explore manufacturers’
manufacturing and remanufacturing decisions under carbon tax regulation. Considering
consumer environmental awareness, the authors of ref. [8] investigate the joint pricing
strategy of two competing manufacturers based on the carbon tax policy. The authors of
ref. [14] focus on two competing firms under the carbon tax and study the optimal carbon
abatement investments. They demonstrate that in a duopoly market, the corresponding
greenness level increases in the environmental tax rate when the buyer’s market share is
large. More recently, the authors of ref. [4,15] examined the impact of carbon tax policy on
investment in abatement and corporate profits.

However, the above studies consider a one-period model and carbon tax is represented
by a fixed parameter. Different from the research, we examine the evolution of carbon tax
policies in a duopoly market, dividing the changes in carbon tax into two periods. Our
paper is the first to consider the influence of the evolution of carbon tax policies on the
pricing choices of competitive firms.
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2.2. Pricing Strategies

The second stream of literature related to our study concerns pricing strategies. The
authors of ref. [16] explore the pricing and production decisions in a make-to-order supply
chain and find that cap-and-trade regulation may not induce the production of low-carbon
products. The authors of ref. [17] investigate the impact of pricing policies, specifically flat
pricing and peak pricing, on firms’ investment levels in renewable and traditional energy
sources, revealing that flat pricing can significantly reduce carbon emissions. The authors
of ref. [18] examine how regulators design pricing strategies to stimulate market demand
for low-carbon products (i.e., electric vehicles). Moreover, the authors of ref. [19] examine
pricing strategies for sharing platform and find that bargaining pricing strategy is not al-
ways optimal, particularly contingent upon varying levels of service quality. Many scholars
focus on the perspective of dynamic pricing. Under carbon tax, the authors of ref. [20]
investigate dynamic pricing decisions among multiple raw material suppliers in supply
chain. They observe that increasing the number of cooperative suppliers can be advanta-
geous for manufacturer. The authors of ref. [21] examine the impact of dynamic pricing
on renewable energy investments. More recently, considering the consumers’ low-carbon
preferences, the authors of ref. [22] study how to set offset pricing by a nongovernmental
organization. They find that premium pricing strategies may be more effective in pro-
moting low-carbon products, especially if eco-conscious consumers value the products
more highly on average. Similarly, the authors of ref. [5] examine the impact of carbon tax
pricing on firm technological investment and production decisions. They find that when
there is a moderate positive correlation between the sales market and the permit trading
market, carbon tax policy stimulates greater technological investment and lower carbon
emissions. Furthermore, the authors of ref. [23] study the optimal pricing by considering
cap-and-trade regulation, the analysis shows that the ability of cap-and-trade to improve
low-carbon supply chain performance depends on the trade price. The authors of ref. [24]
investigate the impact of consumer environmental awareness on firm pricing decisions and
channel profits, revealing that in the retailer-Stakelberg game scenario, total channel profits
exceed those of the manufacturer-Stakelberg (MS) game scenario. From the perspective of
environmentally friendly product development, the MS model is not suitable. Based on
consumer preferences for low-carbon options, the authors of ref. [25] examine the issues
of carbon emission reduction and dynamic pricing within the traditional automotive sup-
ply chain. They find that marketing cost-sharing contracts increase investment in carbon
consumption abatement.

By contrast, in our study, we investigate how two competing firms select their pricing
strategies across two periods, before and after the evolution of carbon tax policies. Specifi-
cally, we categorize the pricing scenarios as follows: When a low-carbon firm sets the same
price in both periods and a traditional firm does the same, the situation is represented as
(U, U) or (T, T). Conversely, when a low-carbon firm sets different prices in each period and
a traditional firm also does the same, the situation is denoted as (U, T) or (T, U).

2.3. Competing Markets

Our study also contributes to the growing literature on operations decisions in com-
petitive markets [26-30]. Many studies focus on the firms’ operational decisions between
vertically differentiated firms ([31-33]) and competition in the supply chain ([34-36]). For
example, the authors of ref. [31] examine the optimal strategies of rival firms in a duopoly
market and find that competition strategy can have a positive economic impact. The authors
of ref. [35] examine the influence of horizontal competition between manufacturers and
vertical competition between manufacturers and retailers on the accumulation of pollution
over time in two supply chains. They find that, compared to vertical integration, horizontal
competition led to higher pollution intensity but lower intensity of abatement efforts. The
authors of ref. [36] develop a multi-period supply chain to study competing firms’ strategic
decisions regarding sustainable operations and product flows. The authors of ref. [33]
investigate how competing firms adopt carbon abatement technologies when facing a
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potentially stricter regulation. They find that competing firms may collude not to adopt
abatement technology to defend against stricter regulations and maximize their profits.
In the last few decades, many scholars have focused on the impact of the government’s
low-carbon regulation on competing markets. Under the cap-and-trade policy, ref. [37]
examine the pricing and emissions reduction policies of two competing manufacturers with
varying levels of emission reduction efficiency. Ref. [38] examine the impact of mandatory
environmental regulation on low-carbon production in competing firms, the analysis shows
that regulators should intervene when both less and more credible firms are not credible
enough. Also under the cap-and-trade regulation, the authors of ref. [8] study two differ-
entiated firms’ pricing and carbon reduction rates. Furthermore, the authors of ref. [39]
examine how environmental and price competition among retailers affects a product’s
environmental performance. They find that competition may result in retailers not offering
low-carbon products if price differentiation affects switchovers (consumers switching from
one retailer’s product to another retailer’s product). Also, the authors of ref. [32] explore
the impact of stricter government regulations on firms’ incentives to develop or adopt
new green technologies. They find that considering an industry’s voluntary adoption level
can more effectively promote the development of new environmental technology. More
recently, the authors of ref. [40] explore the potential impacts of mergers among low-carbon
manufacturers on prices and carbon emissions within the context of cap-and-trade policy,
and the results show that find that the postmerger manufacturer could result in lower
prices but increased carbon emissions. The authors of ref. [41] examine the competition and
coordination that drive conventional and organic markets and their implications for the
organic agricultural supply chain. They find that when members of the supply chain move
towards coordination, consumer surplus and social welfare are improved. The authors
of ref. [30] build a model of price and low-carbon competition for two competing firms.
The result shows that manufacturers tend to increase their carbon reduction rate when the
government increases the unit carbon quota. In contrast to the prior work, our study exam-
ines the evolution of carbon tax policies, from tax exemption to taxation for low-carbon
products, and their impact on pricing decisions of competitive firms for two periods.

3. Model Setting

In our study, we consider a two-period duopoly market in which a low-carbon firm
(denoted firm A) and a traditional firm (denoted firm B) compete by selecting pricing strate-
gies. Both firms offer a substitutable product with a base value of v to consumers. Each firm
decides between a uniform pricing strategy and a tiered pricing strategy as part of the com-
petitive game. We assume that v is sufficiently large so that each consumer purchases at least
one unit of products, resulting in complete market coverage in each period. The uniform
pricing strategy refers to the firm i (i € {A, B}) setting the same price during two periods.
By contrast, the tiered pricing strategy refers to the firm i setting the different prices over two
periods. Furthermore, as consumers’ environmental awareness increases, environmentally
friendly products are becoming more favored [42]. Additionally, consumers are willing to
pay a premium for these products [43,44]. To describe the characteristics of environmentally
friendly products, we define parameter y representing the low-carbon advantage, which
indicates the additional utility that consumers gain from purchasing low-carbon products.
Consequently, when consumers purchase products from low-carbon firm A, they obtain
an increase in utility of 7. However, low-carbon production requires significant invest-
ment compared to traditional production [45,46], and the market demand for low-carbon
products has substantial uncertainty, so relying solely on the market’s “invisible hand” is
insufficient. Therefore, tangible “government intervention” is needed. From the practices
of various countries around the world, the tax exemption policy is constantly innovated to
encourage consumers to purchase low-carbon products [47]. Tax exemption policy directly
benefits consumers by reducing the price of low-carbon products, such as the Chinese gov-
ernment exempts consumers who purchase new energy vehicles from vehicle purchase tax
(https:/ /www.gov.cn/zhengce/zhengceku /2021-12 /31 /content_5665857.htm, accessed
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on 23 April 2024). We divide the period before and after the change in tax exemption policy
into two cycles and denote ¢ as the tax rate. In our paper, we assume that all participants are
rational actors. Without the loss of generality, we normalize the market to 1 in each period.

Following the work conducted by [48,49], we use the Hotelling model to characterize
firm differentiation. Consumers are uniformly distributed over a Hotelling line from 0 to 1,
with the total number normalized to 1 in each period. Furthermore, low-carbon firm A and
traditional firm B are positioned at the left end (x = 0) and right end (x = 1), respectively. A
consumer located at x yields tx when purchasing from firm A and disutility (1 — x) when
purchasing from firm B, where ¢ indicates the degree of firm differentiation. Furthermore,
each consumer can purchase at most one unit of the products. We build a two-period model
to depict the pricing strategy selection of firms A and B over two periods. We define pZ(] )
to denote the price set by firm i (i € {A, B}) in period j (j € {1,2}). In the first period,
the production costs of the low-carbon and traditional firms are c4 and cp, respectively.
As the technical level of new energy vehicle manufacturers improves, accompanied by
reductions in raw material costs, and increases in supply, the second-period production
is anticipated to yield economies of scale. This phenomenon implies a relative decrease
in the unit production costs of new energy vehicles compared to the first period. We
assume that in the second period, the unit production cost of the low-carbon firm is
Aca (A € (0,1)) [50]. For example, during the product design and recycling processes,
Canon’s continuous advancements in eco-friendly technologies reduce operational costs
and ultimately ensure a stable supply of low-carbon products. For traditional firm B,
the technology for manufacturing fuel vehicles is mature and stable. The change in unit
production cost of the second period relative to the first period is insignificant, which
remains cp.

In the first period, low-carbon firm A and traditional firm B simultaneously and
independently set prices under the tax exemption policy. Consumers receive tax exemptions
when purchasing low-carbon products, but do not get tax-free benefits when purchasing

traditional products. Formally, when the low-carbon firm sets the price pi‘l), the perceived

price (i.e., after-tax price) to the consumer is also pfql). By contrast, when the traditional

firm sets the price pg), the after-tax price to the consumer is (1 + 9) pg), where J represents

the tax rate. Following [48], the utility functions of purchasing from low-carbon firm A and
traditional firm B are

uV =0 —tx—pV 4+, (1)

ul) =0 —t1—x)— 1+0)p}, ?)

where parameter <y indicates the incremental utility consumers derive from buying low-
carbon products, reflecting the low-carbon advantage of low-carbon products, and ¢ > 0.

()

The price p;”’ denotes the price of firm i € {A, B} in period j € {1,2}. Based on us = ug,
_ M) (1)
we obtain the location of the indifferent consumer as (1) = Y Pa ;(H(s)p B_ in the first

period. That is consumers located at 0 < x < (1) purchase low-carbon products from firm
A, while those located at #(1) < x < 1 purchase traditional products from firm B. Therefore,
the demand functions of firms A and B in the first period are

_ty =+ o)py

(1)
(1) (1)
t—y+py — (140
pi L= FPa (+d)pp”" )

2t

To ensure a duopoly market, we consider the condition c4 € (c%;, c%). It indicates that
in order for the low-carbon firm to remain competitive, its production costs should fall
within a certain range comparable to those of the traditional firm. The specific magnitudes
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of c; and c% are detailed in the appendix. With the popularization and widespread adop-
tion of low-carbon products, the government could cancel the tax exemption policy for
purchasing low-carbon products. In the absence of the tax exemption policy, when the

(2) (2)

low-carbon and traditional firms set the price p,,” and py’, the corresponding perceived

price (i.e., after-tax price) to the consumer are (1 + ) pf) and (1+9) p,(gz), where J represents

the tax rate. Thus, the utility functions in the second period are defined as

u(Az) :v—tx—(1+(5)pf)+'y, (5)
u%z) =v—t1-x)—(1+ 5)p§_32). (6)

Similarly, the indifferent position purchases products from firms A and B in the second stage,

5)(2) 5)p2)
t+y—(1+6 1+0
denoted as £(?) = L7 1HP 4 04y Namely, consumers purchase products from low-

carbon firm A when 0 < x < %) and from firm B when #?) < x < 1. Accordingly, the
demand functions of firms A and B in the second period are

@ _t+r—Q1+ )Py + (1+0)py

@) F—y+ (1+0)p% — (14 6)py
D@ | ®

2t

From carbon tax policy evolution and consumers’ low-carbon preferences, Equations (3),
(4), (7), and (8) exhibit some interesting characteristics. First, the sensitivity of low-carbon
firm A and traditional firm B to the evolution of carbon tax policy is consistent. Based

) (1) 2 _ @)_, @)
on Equations (3), (4), (7), and (8), we have | agjs | — | agg |= L p23t| 5 (i €

{A, B}). Interestingly, consumer demands are sensitive to the evolution of carbon tax
policy for both low-carbon and traditional firms. This is because inter-firm competition
effectively mitigates the impact of policy evolution on consumer demand over two periods.
2 1

Furthermore, we have | algji) |=| % |, indicating that low-carbon advantage is not
magnified by external carbon policy evolution over two periods. In other words, compared
to the first period, both low-carbon firm A and traditional firm B do not show more low-
carbon advantage in the second period. If firms set the same price for the two periods (i.e.,
pi‘l) = pf), and pg) = péz)), consumer demand of low-carbon firm A decreases and that
of firm B increases from the first period to the second period. This outcome is intuitive.
Once the government levies carbon taxes on low-carbon firm A, some consumers shift to
purchasing products from firm B, increasing demand for firm B and decreasing demand for
firm A.

Each firm independently sets the price and selects uniform pricing or tiered pricing
in each period, denoted as pi(] ). Low-carbon firm A incurs costs of ¢ 4 in the first period
and Ac4 in the second period. Traditional firm B’s cost is constant over two periods and

denotes cp. Thus, in the first period, firm A’s and B’s profits are 7'[1(411) = (p(Al) —c A)qul) and
(1)

' = (pg) - CB)Dél). In the second period, firm A’s and B’s profits are
7-[1(42) = (Pfqz) — Aca) Df) and ngz) = (pgz) —cB) Déz)_ As a rational player, traditional

firm A aims to maximize its expected profits over two periods by setting the price pg) at

the beginning of the first period:
ma = (py) —ea)Dy +(p) — Aca) DY ©)
Then, at the beginning of the second period, firm A sets the price to maximize its expected profits:

7P = (p} — Aca)DA. (10)
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Similarly, at the beginning of the first period and second period, the profit functions of firm
B are

g = (py) —cg)DY) + (7 — cp)DY, (11)
7_[;2) = (pg) — cB)Dg). (12)

Four scenarios occur based on the pricing strategy selection of firm i: (U, U), (U, T),
(T, U), (T, T). In particular, (1) Both low-carbon firm A and traditional firm B set the same
price over two periods, denoted as (U, U); (2) Firm A maintains a consistent price across the
first and second periods while firm B employs differing prices in each period, represented
as (U, T); (3) Firm A sets the different prices in two periods while firm B keeps its price
constant within each period, denoted as (T, U); (4) Both firms A and B set the different
prices in the first and second periods, indicated as (T, T). For ease of reference, the notation
is summarized in Table 1.

Table 1. Notation in the model.

Notation Definition

Parameters

0% Low-carbon advantage, where ¢ > 0

é Tax rate, where § € [0,1]

v Base value from purchasing units of the product, where v > 0

t Degree of firm differentiation, where t € [0, 1]

x Consumer location

ul(] ) Consumer utility of purchasing from firm 7 in period j, where i € {4, B}, j € {1,2}
caA Production cost for the low-carbon firm in the first period

Aca Production cost for low-carbon firm in the second period, where 0 < A < 1
cp Production cost for the traditional firm in period j

DfJ ) Demand of firm i in period j

7'(5] ) Profit of firm 7 in period j

Decision variables

pl(] ) Price of firm i in period j under tiered pricing

pi Price of firm i under uniform pricing

4. Pricing Strategy Selection in Four Scenarios

In this section, we derive and analyze how pricing strategy selection affects the firms’
equilibrium results under four scenarios: (U, U), (U, T), (T, U), (T, T). We use backward
induction to solve the equilibrium solutions of the game for all scenarios.

4.1. Scenario (U, U)

In scenario (U, U), low-carbon firm A and traditional firm B independently and
simultaneously set their respective uniform prices p4 and pp at the beginning of the first
period. The sequence of this case is as follows. In the first period, given a tax exemption
policy for low-carbon products offered by the government, firms A and B simultaneously
set prices p4 and pp in a duopoly market. In the second period, the government cancels the
tax exemption policy. In scenario (U, U), since both firms A and B adopt the uniform pricing
strategy, they simultaneously decide prices p 4 and pp in the second period, consistent with
the first-period prices. For brevity, we define AD4 = Df) - DS) and ADp = Dlgz) - Dg).
Employing backward induction, we conclude the equilibrium outcomes summarized in
Proposition 1.

Proposition 1. In scenario (U, U), the equilibrium prices, demands, and profits of firms are shown
in Table 2. Moreover, we obtain
(1) We have DYU@ < DYUM gpg piU@ - plt®),
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uu uu() uu(Q) uu(1) uu(2)
(2) We have ag/; >0, P4 — >0 P4 Dy 0, P — <o
U N
a”A >0, and 2 T <oif Al A‘ﬁ”““)) — (14 68)cp — 3t < < altetAnaled)
(1 +d)cp + 3t.

oADYY oADYY
(3) We have 7= <0, —

if y < 3t.

Proposition 1 indicates that as the level of low-carbon advantage increases, the price

. .4y
of the low-carbon product rises (i.e., ’;A

m, the price of the traditional

. . 2]
product, decreases as the low-carbon advantage increases (i.e., — i < 0). The reason is as

follows. With the increasing low-carbon advantage, more consumers are willing to purchase
. aDUU(l) aDUU(Z) .
products from the low-carbon firm ( 37 >0, 37 > (), and the growing demand for

low-carbon products directly increases the prices of low-carbon products. Therefore, in the
second period, a proportion of consumers prefer to buy low-carbon products compared to
the first period. In contrast to the first period, the market share of the low-carbon firm in the

second period continues to increase (i.e., Dgu(z) < Dgu(l)), while that of the traditional

firm is decreasing (i.e., Duu(z) > Dgu(l)). Interestingly, we find that traditional firm tends

to set higher prices as the tax rate increases under certain conditions. The emergence of
this interesting result could be attributed to the price competition effect. As the competitor
(i.e., low-carbon firm) raises the price, the traditional firm can also raise prices despite its
disadvantaged position under certain conditions. Moreover, we observe that the demand

for the low-carbon firm decreases over two periods in response to an increase in the tax
2ADYY . . .
rate (6), namely, —#— < 0. Conversely, the two-period demand for traditional firms

. . . o . 2ADYY .
experiences an increase with a rise in the tax rate (i.e., —;— < 0) increases.

Table 2. Equilibrium results in scenario (U, U).

Result low-Carbon Firm A Traditional Firm B

. 2Bt y+cp(149)+ca (14 (14+A+5A 2(3t—7)+4cp(1+0)+ca(1+A+0A
price p (Bt+y+es( 3()2_:2)( ( ) pgu _ 2(8t=7) CB(6(1+)5) ca( : )

. . 140) (3t+v+cp(14+6 0—2)(1+A+6A uu(l 4(8t—v(146)—cp(1+46)?)+ca(6—2) (14+A+A
First-period demand D ( ) _ 4(140)(3t+y CB(12t<2)2:(’5§A( )(1+ ) DY (1) _ 4(Bt=9(1+0) 65(12t<)2_)w)CA( )(1+A+67)

. 3t 1+406))—ca(2+30) (1+A+0A uu(2 4(3t(1+6)—y—cp(1+6 24+30) (1+A+35A
Second-period demand D U(2) _ 4Gt+ytep( +1)2>t(26i55)+ J(A+A+0A) Dy (2) _ 461140~y CB(Et()z)r;)A( +30)(1+2A+42)
. uu(l uu(2 uu(l uu(2

Profit nuu— (p%u—cA)DA ( )—&—(pgu—/\cA)DA @) ﬂBuu:(plé[u—CB)DB ( )—&—(plélu—cB)DB @)

Note: Superscript UU represents the equilibrium results in scenario (U, U). The profit functions 74" and 7Y

in the Appendix A.

Furthermore, Proposition 1 illustrates that the low-carbon advantage benefits the
low-carbon firm, while negatively affecting the traditional firm under certain conditions. It
implies that the traditional firm could benefit from the competitor’s advantage. We use two
concrete examples, drawn in F1gure 1 (witht = 20, A= %, cp = %, cg = %, and 6 = 23—0
in Figure 1a; with t = 20, A= 10, cp = %, g = 110, and ¢y = 13—0 in Figure 1b, to visually
see the effect of the low-carbon advantage (y) and tax rate () on the equilibrium results.
Figure 1a visually demonstrates that the profit of firm A rapidly increases as its low-carbon
advantage increases. By contrast, the profit of the traditional firm decreases initially and
then increases as the low-carbon advantage of the competitor increases. This is mainly
because the price gap (i.e., pY — p) widens as 7 increases, leading to a rapid increase in
demand from firm B. Ultimately, the incremental profit brought by demand can offset the
decrease in marginal profit when the price gap is large. Furthermore, Figure 1b illustrates
that, given this case, the equilibrium results decrease as the tax rate increases. Moreover, we
also find that the marginal impact of the tax rate on the low-carbon firm A is greater than
that on the traditional firm B. Our theoretical findings provide some practice applications

in the automobile industry. Considering the scenario that a low-carbon electric vehicle
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(EV) manufacturer competes with a traditional internal combustion engine (ICE) vehicle
manufacturer. As EV technology advances and becomes more cost-effective (increasing
), consumers prefer EVs over ICE vehicles. This shift increases the prices of EVs due to
higher demand and decreases the prices of ICE vehicles as their demand falls. Traditional
car manufacturers might need to adopt aggressive pricing strategies or diversify into the
EV market to remain competitive.

1.0F

Figure 1. Impacts of v and J on the equilibrium results in scenario (U, U). (a) Impact of 7 on the
equilibrium results. (b) Impact of 6 on the equilibrium results.

4.2. Scenario (U, T)

In scenario (U, T), low-carbon firm A chooses the uniform pricing strategy. Meanwhile,
traditional firm B adopts the tiered pricing strategy. The sequence is as follows. At
the beginning of the first period, given a tax exemption policy for low-carbon products,
firms A and B concurrently determine prices p4 and pg) to compete with each other. At
the beginning of the second period, the tax exemption policy has been canceled by the
government, resulting in the taxation of consumers purchasing low-carbon products. Based
upon the demand qul) and Déz), firms A and B simultaneously decide prices p4 and pg).
Employing backward induction, we conclude the equilibrium outcomes summarized in

Proposition 2.

Proposition 2. In scenario (U, T), the equilibrium prices, demands, and profits of firms are shown

in Table 3. Furthermore, the properties obtained from the equilibrium results are as follows:

(1) We have piT®) > pUTD gyq pUT@) 5 pUT)

ap%T aDzT(l) aDgT(Z) ) anT(D apgT(z) aDgT(l)
(Z)Wehavew >0, 5 > 0, 5 > 0; 5— < 0, 55— < 0, 55— < 0, and
ur(2)
aD
B
9y
oADYT oADYT

(3) We have —5#— < 0, and —5£~ > 0.

Intuitively, as a firm increases its price, consumer demand for its products is expected
to decrease. Interestingly, Proposition 2 shows that when the tax exemption policy has
been canceled by the government, the traditional products from firm B experience a price
increase in the second period, yet demand for these products rises. The main reason for
this outcome can be attributed to the impact of changes in carbon tax policy. When the tax
exemption policy has been canceled, the perceived price (i.e., after-tax price) for consumers
purchasing low-carbon products increases from pYT to (1 + a)pYT, where (1 + a)p%?
represents the after-tax price following the price hike in the second period. The increase
in the price of low-carbon products leads to a decrease in demand for these products.
Following the increase in after-tax price, some rational consumers shift their purchases to
traditional products, thereby increasing demand for traditional products. In the second
period, the price increase of traditional products might normally lead to decreased demand
for these products. However, the indirect rise in demand for traditional products, driven by
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the after-tax price hike of low-carbon products, is significant enough to offset the decrease
in demand caused by the price increase. Consequently, despite price increases in the second
period, demand for traditional products continues to grow.

Table 3. Equilibrium results in scenario (U, T).

Result Low-Carbon Firm A Traditional Firm B
First-period UT _ 203t4+y+cp(146))+ea(148)A UT(1) _ 11=3y+2(t—9)d+cp(146) (74+28) +ca (2+A+5M)
rice Pa = 525 P = 21+2)(5+20)
p
Second-
iod ur _ 2(8t+y+ep(1+6))+ea(14+0)A uT(2) _ 1143y +8t5+cp(140) (7+40)+ca (146) (2+(1+A+0A)
perio Pa ST Pp 2(1+9)(5+20)
price
First-period DuT(l) _ (3+28)(Bt+y+cp(146)) —ca(2+A+0M) DUT(l) 113y 4+2(t—7)d—cp(1+6) (3+28)+ca (2+A+A)
demand A - 4t(5+4296) B - 4t(5+26)
Second- ur(2) 3(3t+y+cp(1+6))—ca(1+6)(2+A+6A) Uur(2) 11t—3y+8t6—3cp(1+6)+ca(1+6) (2+A+6A)
. _ Y+c —C _ -3y —3c c
period D, = . 4t(5+§5) Dy - B4t(5+25)A
demand
. UuT(1 ur(2 ur(1 UurT(1 ur(2 ur(2
Profit 74T = (pUT —cy)D, ( )+(p%T*/\CA)DA @ 4T = (py ( )ch)DB ( )Jr(pB ( )ch)DB @

Note: Superscript UT represents the equilibrium results in scenario (U, T). The profit functions ngT and 7{T are
in the Appendix A.

We now analyze the low-carbon advantage () and tax rate (J ) on the equilibrium
prices and demands. When low-carbon advantage grows, we have the following outcomes:
(1) low-carbon firm A raises its price, while traditional firm B lowers prices within each
period; (2) low-carbon firm A gains a higher market share and traditional firm B has a
lower market share in two periods. Moreover, as the government shifts from tax exemption

to taxation, the demand for low-carbon firm A in the second period decreases compared to

. . 1 0ADYT . s . . dADT
the first period (—;~ < 0), while that of traditional firm B increases (—;£~ > 0) as the

tax rate becomes stronger (4 increases).

Corollary 1. In scenario (U, T), an increase in product price for the traditional firm could lead to
an increase in demand during the second period.

Corollary 1 shows that when the government changes its policy from tax exemption to
taxation on low-carbon products, the price of traditional products increases, and demand for
them paradoxically increases. Conventional wisdom suggests that as firm raises their prices,
consumer demand for their products tends to decrease. However, contrary to conventional
wisdom, we find that an increase in product price for the traditional firm could lead to
an increase in demand in the second period. We offer the following explanation for this
intriguing finding. When the government removes tax exemptions on low-carbon products,
the resulting reduction in product differentiation from low-carbon investment stimulates
a significant increase in demand for traditional products. The positive effect of increased
product demand due to the elimination of tax exemptions can offset the reduction in
demand caused by higher prices. Consequently, as tax exemption policies evolve into non-
exempt status, the rise in prices for traditional products can enhance consumer demand.

4.3. Scenario (T, U)

In scenario (T, U), a low-carbon firm A selects the tiered pricing strategy over two
periods. Simultaneously, the traditional firm B chooses the uniform pricing strategy for
both periods. The sequence is as follows. At the beginning of the first period, given
a tax exemption policy for low-carbon products, the low-carbon and traditional firms
simultaneously set prices pi‘l) and pp in a duopoly market. At the beginning of the second
period, the government cancels the tax exemption policy, resulting in the taxation of

consumers buying low-carbon products. Based upon the demand fo) and Dgz), firms A

and B simultaneously decide prices pf) and pp. We know that AD4 = D{(42) - DS) and
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ADg = Dg) - Dél). Under backward induction, we summarize the equilibrium outcomes
in Proposition 3.

Proposition 3. In scenario (T, U), the equilibrium prices, demands, and profits of firms are shown
in Table 4. Furthermore, the properties obtained from the equilibrium results are as follows:
(1) We have | ADTY |=| ADIY |, and ADTY = —ADIY.

TU(1) TU(2) TU(1) TU(2) pTu TU(1)
ap, P, oD, aD, Pg dDp
(Z)Tmihave 5 >0, ay > 0, 97 > 0, ay > 0; ay <0, 07 < 0, and
Dy
< 0.
9y
P TU(1) 9 u(2) aDTU(l) aDTu(l)
(3) We have “P4-— > 0, ’“A <0, =4 , S <0, and
ap1®  Hpli@
)

Proposition 3 shows that the absolute value of demand changes for both low-carbon
and traditional firms within two periods is the same. Still, the magnitude of its enlargement
or reduction remains uncertain (i.e., AD};U = —ADlgu). Intuitively, in the progression from
tax exemption to taxation, the demand for traditional products increases in the second
period compared to the first period, that is, ADIY > 0. This is due to the coexistence of
traditional and low-carbon firms, intensifying market competition. Consumer demand for
firms is no longer solely influenced by carbon tax policy but also influenced by the low-
carbon advantage of products, and it also applies to a traditional firm. Moreover, under tax
exemption policy, as the tax rate (J) increases, the prices of low-carbon products increase in

TU(1
the first period, that is % 4 5( ) > 0. This phenomenon occurs because an increase in the tax
rate is equivalent to an increase in government subsidies to consumers. As a result, more
consumers, especially those with heightened environmental awareness, are more likely
to choose to purchase from low-carbon firms. As the demand for low-carbon products
surges, so do their prices. When the government does not exempt taxes, as the tax rate

increases, both low-carbon and traditional firms will decrease their prices under low-carbon
Tu(z)

advantage relatively low (i.e., <0, X < 0if v < 3t). Moreover, the demand for
low-carbon and traditional firms w1th1n two perlods also changes with the variation in the

tax rate. Specifically, in the first period, the demand for the low-carbon firm increases as
TU(1)

. . D . o . .
the tax rate rises (i.e., a# > (), while the demand for the traditional firm decreases with
5 TU( ) apTU@ aDTu(z)
the increase in tax rate ( < 0). In the second period, we obtain —4;— = 55

From the perspective of the low carbon advantage, it simultaneously impacts the demand
for both low-carbon and traditional firms. As the low-carbon advantage () increases, the
low-carbon firm gains a larger market share while traditional firms experience a decrease
in market share over two periods.

Table 4. Equilibrium results in scenario (T, U).

Result Low-Carbon Firm A Traditional Firm B
First-period price pi‘u(l) _ 11t+3’y+353(1+tl5())+c,4(6+(1+5)/\) Pgu _ 6t72’y+363(1;((i‘)++(sc>/4(1+(1+§)/\)
Second-period price ZU(Z) _ 11t+37+3CB(11&51)K§a(1+6(1+6)A) pIu _ 6t 27+3c3(1;§)++5m(1+(1+5m)
First-period demand DII;U(l) 11t+3w+3c5(1+52)0+c/\( 4+(1+6)M) D (1) _ 3(Bt—y— cB(1+52)) ca(4—(146)A)
Second-period demand D};U(z) 11t+3w+363(1+o)+cA(1 4(1+6)A) D u2) _ 3(3t—y— CB(1+5)) A(=1+4(1+6)A)

. TU U Tu TU(2 Tu TU(2
Profit ”£u=(PA ()—CA)D ()+(pA ()—)\CA)DA @) TU_(pB )D () (PBU_CB)DB @)

Note: Superscript TU represents the equilibrium results in scenario (T, U). The profit functions 771 and 7}
in Appendix A.
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4.4. Scenario (T, T)

In scenario (T, T), both low-carbon firm A and traditional firm B choose the tiered
pricing strategy. The sequence is as follows. At the beginning of the first period, given a

tax exemption policy for low-carbon products, firms A and B simultaneously set prices

pfql) and pg) in a competitive marketplace. At the beginning of the second period, the tax

(2)

exemption policy has been canceled. Based upon the demand Df) and Dy, firms A and

(2) (2)

B simultaneously decide prices p;” and pj
Proposition 4.

. We summarize the equilibrium results in

Proposition 4. In scenario (T, T), the equilibrium prices, demands, and profits of firms are shown
in Table 5. Moreover, the properties obtained from the equilibrium results are as follows:

(1) We have pZT(Z) < pZ\T(l); 7@ p T hen 0 < 6 < 1_72‘, otherwise, pgT(z) > pgT(l),
DET(Z) > D}L;T(l) and D;T(z) < DB sz <o < 1% otherwise, DTT(Z) zT(l) and
piT@ > pIt®)
opTTV opTT® op!T) op!T CaplT) BPB T(2)
(2)V?7f)zhave 5 >()0, 57 <0 —5— >0 —— >0 —— <0 —5— <0
aDB <0, and aD < 0.
(1) TT(2) TT(1) T(1) TT(2)
(3) We have 24— > 0, 4 <0, 24" 5 0, 25" < 0ify <31, L < 0ify <31,
TT(1)
and < 0.

Proposition 4 indicates that low-carbon firm A has a lower price in the second period

(i.e., py 1) - p )), traditional firm B also offers a lower price in the second period (i.e.,
pgT(z) < pTT(l ) when tax rate is relatively low (i.e., 0 < 6 < A/\) Thus, under certain

conditions, the elimination of the tax exemption policy intensifies competition in duopoly
markets. In such a case, consumers exhibit a decreased demand for traditional products
and an increased demand for low-carbon products. These findings suggest that the removal
of the tax exemption policy has significant implications for market dynamics and should
be carefully considered by policymakers. Conventional wisdom suggests that higher firm
pricing reduces demand. However, our analysis shows that when the tax rate is relatively
high (i.e., % < d < 1), the perceived price (i.e., after-tax price) of low-carbon products
decreases, leading to a decrease in their demand. Conversely, the price of the traditional
firm increases, increasing their demand in the second period. As the tax rate increases,
the after-tax price of low-carbon products for consumers elevates, from p1T to (1+6)p’T.
This results in a reduction in demand for low-carbon products. Correspondingly, rational
consumers choose to abandon low-carbon products in favor of purchasing traditional
products, leading to an increase in the demand for traditional products.

Table 5. Equilibrium results in scenario (T, T).

Result Low-Carbon Firm A Traditional Firm B
First-period price pzT(U = % pgT(l) = %
Second-period price pgT(z) _ 3t+’Y+CB(é—(¢—1§-)_Z>2CA(1+5)A PgT(2> - 3t—’y+263g1(1&-i25-)&-m(1+5)/\
First-period demand Dgﬂl) = 73t+7+656(t1 +0)—ca DgT(l) St—y—cpll+d)+ea 636(1“5)“/‘
Second-period pIT(@) _ 3tyies(1+8)—ca(1+9)A pIT(2) _ 3t=y—cs(1+8)+ca(1+9)A
demand A = 3 B = 6t
. TT(1 TT(1 TT(2 TT(2 TT(1 TT(1 TT(2 TT(2
Profit T:(pA()_CA)DA ()+(pA()_)\CA)DA ) ﬂgT:(pB ()_CB)DB (>+(pB ()_CB)DB 2)

Note: Superscript TT represents the equilibrium results in scenario (T, T). The profit functions 757 and 757 are in
Appendix A.
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Corollary 2. In scenario (T, T), the price competition is fiercer in the second period than in the first
period when 0 < § < %

Corollary 2 shows that the intensity of price competition in the second period is higher
than that in the first period under certain conditions. The main reason can explain this
phenomenon. In the second period, as the tax exemption policy expires, the government
reduces incentives for consumers who purchase low-carbon products, causing an increase
in the perceived price (i.e., after-tax price) for consumers, leading to a decrease in consumer
utility from ufql) =0 —tx— pf) + 7 to u(AZ) =v—tx—(1+ 5);9542) + . To increase its
market sales, the low-carbon firm adopts a price reduction strategy at the beginning of the

1 TT(2) TT(1)y . S - TT(2) TT(1) .
second period (i.e., p, "~ < p, '), increasing its sales, specifically, D , > D, if
0<o< % Moreover, this trend may result in the erosion of the traditional products

market by the low-carbon products market, leading to a situation where DgT(z) < DgT(l)

and D;T(z) > DZT(U. This phenomenon is likely to escalate competition between the two
firms, ultimately exerting downward pressure on prices during the second period. Practice
implications for firms, such as an EV manufacturer and an ICE vehicle manufacturer,
could be as follows. As the government transitions from tax exemption to taxation, the
EV manufacturer should anticipate a drop in demand due to higher after-tax prices. To
counter this, the EV manufacturer might lower the base price discounts to retain consumer
interest. Additionally, the EV manufacturer could increase marketing efforts to highlight
the long-term cost savings and environmental benefits of low-carbon products compared
with the ICE vehicle manufacturer, justifying the higher prices due to taxation.

5. Equilibrium Pricing Strategies

In this section, we compare and analyze the profits of firms in four different scenarios
(U, U), (U, T), (T, U), and (T, T) to discuss which pricing strategy firm i (i € {A, B}) should
select. A uniform pricing strategy requires firm i to set the same price over two periods.
Conversely, a tiered pricing strategy requires firm i to set different pricing in each period.
Given traditional firm B selecting the uniform pricing strategy, low-carbon firm A chooses
the uniform pricing if 74U > 7 holds. Otherwise, low-carbon firm A selects the tiered
pricing strategy. Given traditional firm B chooses the tiered pricing strategy, low-carbon
firm A chooses the uniform pricing strategy if 747 > 71T and otherwise adopts the tiered
pricing strategy. Similarly, given the low-carbon firm A choosing the uniform pricing
strategy, we compare 71§! and 757 to decide the traditional firm B’s pricing strategy. The
traditional firm selects the uniform pricing if 74 > 74T holds. Otherwise, the traditional
firm B chooses the tiered pricing strategy. Given the low-carbon firm A choosing the tiered
pricing strategy, the traditional firm B selects the uniform pricing strategy if 724 > 71T
and otherwise chooses the tiered pricing strategy. For ease of exposition, we define v}
and 7% as the left and right roots of the quadratic function 74! — 711 = 0 and denote 73
and 73 as the left and right roots of the quadratic function 7§ — 7§ = 0. Thus, given a
low-carbon or traditional firm adopts uniform pricing, we have the following results.

Proposition 5. In the scenario of adopting uniform pricing by the low-carbon/traditional firm, we
have the following results.

(1) When 0 < v < max{0,7}}, the traditional/low-carbon firm chooses the uniform pricing
strategy, resulting in scenario (U, U) in equilibrium.

(2) When max{0,y}} <« < ~2, the traditional/low-carbon firm chooses the tiered pricing strategy,
resulting in scenario (U, T)AT, U) in equilibrium.

(3) When vy > +y?, the traditional/low-carbon firm chooses the uniform pricing strategy, resulting in
scenario (U, U) in equilibrium.

Proposition 5 analyzes the optimal pricing strategy when one firm (low-carbon or
traditional firm) adopts uniform pricing. We find that, given a firm’s choice of uniform
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pricing strategy, when the low-carbon advantage is low (i.e., 0 < v < max{0, v} }, where
i € {A,B})orhigh (i.e., v > 7?), the other firm always chooses the uniform pricing strategy.
By contrast, when the low-carbon advantage is in the middle range (i.e., max{0, ')/11} <9<
%), the other firm adopts the tiered pricing strategy. The finding implies that a simple
pricing strategy (uniform pricing) can still gain a competitive advantage in the market,
simplifying the decision-making process for firms. To illustrate the results intuitively, we
use two concrete examples, drawn in Figure 2 (with ¢ = %, A= %, = %, and cg = ﬁ in
Figure 2a; t = %, A= %, cp= %, and cg = 21—5 in Figure 2b), to compare the optimal pricing
strategy. Figure 2a features the low-carbon firm’s pricing strategy when the traditional firm
adopts uniform pricing. Figure 2b presents the low-carbon firm’s pricing choice when the
traditional firm adopts uniform pricing. Figure 2 indicates how the low-carbon advantage
(7) influences the optimal pricing strategy of low-carbon and traditional firms. Generally, if
one firm selects uniform pricing, the other firm could choose the uniform or tiered pricing
strategy. Specifically, if the low-carbon advantage () is low or high, uniform pricing is
the optimal pricing strategy for the low-carbon/traditional firm. Thatis, 74! > 7! or
ngu > ngT when v is small or large. When 7 is in the middle range, the optimal pricing
selection for both low-carbon and traditional firms is tiered pricing because of 77 > 74U
or nlélT > ngu. To sum up, in the scenario where a firm chooses uniform pricing, the
equilibrium outcome of (U, U) may happen when the low-carbon advantage is either low
or high. This scenario occurs when both low-carbon and traditional firms adopt uniform
pricing. When low-carbon advantage is medium, scenario (T, U) or (U, T) could be optimal,
where one firm adopts uniform pricing and the other chooses tiered pricing.

1

@ !

o UT

06 08 ! 02 0.4 Y 056 0.8 1
Figure 2. Firm's pricing strategy when one adopts uniform pricing strategy. (a) Firm A’s pricing
strategy when firm B adopts uniform pricing strategy. (b) Firm B’s pricing strategy when firm A
adopts uniform pricing strategy.

We now consider the scenario in which the traditional firm adopts the tiered pricing
strategy. In such a scenario, we define 7% and 7% as the left and right roots of the quadratic
function 74T — 7}T = 0. By comparison and analysis, we have the following results.
Proposition 6. When considering the traditional firm'’s adoption of tiered pricing, we have the
following results:

(1) In condition & € [0, 198], we derive the following findings.

(i) When 0 < v < max{0,7%} or v > ~%, the low-carbon firm chooses the uniform pricing
strategy, leading to scenario (U, T) in equilibrium.

(ii) When max{0, 3} < < v%, the low-carbon firm adopts the tiered pricing strategy, leading
to scenario (T, T) in equilibrium.

(2) In condition & € (192, 1], we derive the following results.
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(i) When 0 < vy < max{0,%} or vy > %, the low-carbon firm chooses the tiered pricing strategy,
leading to scenario (T, T) in equilibrium.

(ii) When max{0, 73} <~ < ~%, the low-carbon firm adopts the uniform pricing strategy, leading
to scenario (U, T) in equilibrium.

Proposition 6 suggests that when the traditional firm selects tiered pricing, the low-
carbon firm'’s pricing strategy depends on the level of low-carbon advantage (7y) and tax rate
(). To better illustrate firms’ pricing selection, we use a concrete example, with parameter
setting t = 75, A = %, cA = %, and cp = %, drawn in Figure 3a. The figure depicts that
low-carbon advantage directly influences the low-carbon firm’s pricing selection when
the traditional firm adopts tiered pricing. Based on Figure 3a, when the tariff rate is
relatively low (i.e., § € [0, 158]), we get the following results. If the traditional firm chooses
tiered pricing, we find that the low-carbon firm selects uniform pricing when low-carbon
advantage is low (i.e., 0 < v < max{0, 'yf’q}) or high (ie., v > ')/i‘), and that adopts tiered
pricing when low-carbon advantage is in the medium range (i.e., max{0, 75} < < 9%).
As shown in Figure 3a, we notice that 747 > 71T when 1 is low or high, which corresponds
to the (U, T) scenario. Conversely, n%T < 7'E£T when 1 is moderate, which aligns with the (T,
T) scenario. In contrast to the scenario where the tariff rate is relatively high (i.e., 6 € [135,1])
when the traditional firm chooses tiered pricing, the (T, T) scenario occurs under certain
conditions. In this case, the low-carbon firm also selects tiered pricing when the low-carbon
advantage is low (i.e, 0 < 7 < max{0,7%}) or high (ie., v > 7%). However, the (U,
T) scenario occurs when the low-carbon firm adopts uniform pricing, if the low-carbon
advantage is moderate (i.e., max{0,73} <y < v%).

Furthermore, we find that, as the tariff rate increases, the equilibrium scenario shifts
from (U, T) to (T, T) or (T, T) to (U, T). The primary reason for this transition is that
when the carbon tax policy shifts from tax exemption to taxation, the government reduces
subsidies for consumers purchasing low-carbon products, increasing the perceived product
price (i.e., after-tax price) for consumers. This situation undermines consumer enthusiasm
for purchasing low-carbon products, prompting them to shift to purchasing traditional
products, thereby increasing demand for traditional products. The increased demand
for traditional products stimulates price increases (i.e., pgT(z) > pgT(l), png > pgT(l)),
prompting the traditional firm to adopt tiered pricing over two periods. The tiered pricing
strategy exerts two opposing effects on firms’ profitability. On the one hand, tiered pricing
enables firms to enhance their responsiveness to carbon tax policy evolution in each period,
thereby increasing profitability. The positive effect of tiered pricing is particularly significant
when the low-carbon advantage is moderate. This is because firms can set lower prices to
stimulate demand and increase economies of scale in the second period. On the other hand,
tiered pricing intensifies competition, leading to a reduction in profitability. Therefore,
when the tariff rate is relatively small, the (U, T) scenario occurs. In this scenario, the
low-carbon firm’s optimal strategy is uniform pricing when the low-carbon advantage is
low or high. When the low-carbon advantage is moderate, scenario (T, T) occurs and the
low-carbon firm’s optimal strategy is tiered pricing. When the tariff rate is relatively high,
scenario (T, T) occurs and the low-carbon firm’s optimal strategy is tiered pricing if the low-
carbon advantage is low or high. However, when the low-carbon advantage is moderate,
scenario (U, T) occurs and the low-carbon firm’s optimal strategy is uniform pricing.

Now, we consider the scenario in which the traditional firm chooses the tiered pricing
strategy. In such a scenario, we denote 73 and 7} as the left and right roots of the quadratic
function 1LY — T = 0, respectively. Through comparison and analysis, we obtain the
following results.



Mathematics 2024, 12, 2082

18 of 28

(@) (b)
08
s
06
0
04
uT
Ty mhY
| 4 TU
Y 02 g
\\\
\\
\\\
. /( 0
0.8 10 0.2 04y 06 0.8 1

Figure 3. Firm’s Pricing strategy when one adopts tiered pricing strategy. (a) Firm A’s pricing strategy
when firm B adopts tiered pricing strategy. (b) Firm B’s pricing strategy when firm A adopts tiered
pricing strategy.

Proposition 7. When considering the implementation of tiered pricing by the low-carbon firm, we
have the following results.

(D If0 < v < max{0,v3}, the traditional firm adopts the uniform pricing strategy, leading to
scenario (T, U) in equilibrium.

(2) If max{0,v3} < v < ~%, the traditional firm chooses the tiered pricing strategy, leading to
scenario (T, T) in equilibrium.

(3) If v > 7}, the uniform pricing strategy, leading to scenario (T, U) in equilibrium.

Similar to Proposition 5, Proposition 7 shows that when a low-carbon firm adopts
tiered pricing, the traditional firm’s pricing strategy depends on the low-carbon advantage
(7). To illustrate the results intuitively, we use a concrete example with parameter setting
t= 13@, A= %, cp = %, and cg = 11—0, drawn in Figure 3b. Figure 3b depicts that low-carbon
advantage directly influences traditional firm’s pricing choices. Given the low-carbon firm
choosing the tiered pricing strategy, Figure 3b illustrates that the traditional firm selects the
uniform pricing strategy when low-carbon advantage is low (i.e., 0 < v < max{0,v3}) or
high (i.e., v > 73) and adopts the tiered pricing strategy when low-carbon advantage is
medium (i.e., max{0,73} < < 7}). As in Figure 3b, we notice that 7} > [T when v
is small or large, and 71} < 7}T when 7 is medium. In summary, given the low-carbon
firm adopts the tiered pricing strategy, scenario (T, U) could be optimal. In such a case, the
traditional firm chooses the uniform pricing strategy when the low-carbon advantage is low
or high. Conversely, scenario (T, T) is optimal when the low-carbon advantage is moderate.
This situation occurs when the traditional firm selects tiered pricing when a low-carbon
advantage is in the middle range. The analysis regarding the low-carbon advantage and
pricing strategy provides some practice applications. For the high low-carbon advantage,
the traditional firm reverts to a uniform pricing strategy, likely to simplify its approach
in the face of a strong competitor. The low-carbon firm continues with tiered pricing to
exploit its strong market position. The low-carbon firm can use its significant advantage to
not only segment the market but also to potentially justify higher prices for its premium
products. This could increase overall profitability and strengthen its market position.

6. Conclusions

Our study explores the intricate interplay between tax exemption policy, consumer
low-carbon preferences, and firms’ pricing strategy selection within the context of the global
automobile industry. By developing a two-period analytical model, our study investigates
how the evolution of tax exemption policy impacts firms” optimal pricing strategy selection
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in a competitive duopoly market. Through thorough analysis, our study addresses crucial
questions concerning the effect of tax policy evolution on pricing strategies, the influence
of low-carbon advantages on pricing decisions, and the equilibrium between uniform
and tiered pricing strategies. Importantly, our findings challenge conventional wisdom
by revealing unexpected results, such as price hikes for traditional products leading to
increased demand under certain conditions, and underscore the importance of considering
evolving low-carbon policy in strategic pricing decisions.

The theoretical contributions of our study are as follows. First, we enrich the un-
derstanding of firms’ pricing behaviors in response to changing low-carbon policies and
consumer preferences. Second, we shed light on the pricing strategy selection in a com-
petitive market in the context of evolving tax exemption policy. Moreover, the practical
implication of our study lies in providing valuable insights for firms operating in com-
petitive markets. Our study guides firms in navigating the trade-offs between uniform
and tiered pricing strategies during evolving tax exemption policy. By offering a nuanced
understanding of the relationship between government policies, consumer behavior, and
firms’ pricing decisions, our study provides policymakers and industry stakeholders with
actionable knowledge to adapt low-carbon policies and pricing strategies effectively.

7. Directions for Future Research

While our work has several limitations, it sheds light on the intricate interplay between
pricing strategy selection and evolving tax exemption policies in a two-period setting, and
it opens several directions for further research. First, the model assumes rational consumer
behavior and homogeneous product preferences, which may oversimplify real-world con-
sumer decision-making processes. Future research could address these limitations by
exploring alternative market structures, incorporating behavioral economics perspectives,
and examining the impact of heterogeneous consumer preferences on firms’ pricing strate-
gies. Second, our study predominantly analyzes pricing strategy selection in the context
of the automobile industry, leaving room for research to investigate similar questions in
other industries affected by evolving environmental policies. Furthermore, considering the
increasing importance of sustainability and corporate social responsibility, future research
could delve deeper into how firms’ pricing strategies intersect with broader environmental
and social objectives. Despite these limitations, our study still offers helpful decision
support and insightful recommendations for industry and government decision-makers.
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Appendix A. Proofs of All Results
Proof of Proposition 1. Under scenario (U, U) where p(l) = pgz) (i € {A, B}), by substitut-

i

ing Equations (3), (4), (7) and (8) into Equations (9)—(12), we have
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T = -5~ <0and e 0, T4~ (pa) is concave

in p4, and {Y(pp) is concave in pp. We can obtain the optimal decisions from first-
(PA)
A

4 (pa) = (A1)

Because

order conditions. By solvmg , we obtain low-carbon firm A’s best optimal p’ (pp).

Similarly, by simultaneously solvmg (pB)

, we obtain traditional firm B’s best optimal
pr(pa). By setting pa = p’ (pp) and pB = p5(pa), we can derive the firms’ equilibrium
prices in Table 2. Substituting these equilibrium prices into the consumer demand and
profit functions, we obtain the corresponding profits and consumer demands. Specifically,
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To compare consumer demands in the first and second periods, we find that

) DUU( ) < DUU(l) uuQ) D u@)
Usmg the results from Table 2 and taking the first-order derivatives, we have

%) w2 a0y 14 0 a0y 14 =0, 3;73 _ <0
dy — 3(2+9) 70y T 3t(249) 779y T Bi(249) - 6(1+(>)
nd 2804 _ _ 20t7)+ep(2+0(4-+0))tes (2+(246(4+6)) apYU)
Er

_ 149
31210) <0 o = T3249) < 0,and
uu()

Bp— = 5k <0 A > 0and 8 < 0f ACOB20EN) (1 4 §)cp 3¢ <

3) oADYU _2(3t+7)+cp(2+6(440)) +ca (24 (2+5(4+6))A)

2 - 3t(2+0)7 < 0,
OADEY _ 2(3t47)+cp(240(4+0))+ca (2+(2+6(4+9))A) >0, apB _ cA—6t+2y
96 3t(2+6)2 6(2+6)2

Due to D4Y® 4 DYUM — 1 and YU 1 pYUE — 1, it follows that both D4V

and Duu(z) fall within the interval € [0,1]. From Table 2, we obtain that Duu(l) =
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Proof of Proposition 2. Under scenario (U, T) where p,,” = p;” = p4 and traditional firm
B adopts tiered pricing during the two periods, we find the subgame perfect equilibrium
by backward induction.

At the beginning of the second period, traditional firm B chooses pg) to maximize

its second-period profit 7TUT(2> = (péz) — CB)DII;[T(z). We find ngT(z)is concave in pg). By
UT(2)
solving the first-order condition cprB = 0, we can obtain the equilibrium second-period

price of firm B as follows:

@ t—7+pa(l+40)+cp(l+9)
Pp- = 2(1+0) '

(A3)

Based on the price of firm B’s second-period response, the firms then independently
and simultaneously set the first-period prices pa and pg), to maximize their profits over
the two periods, which are given by 7T (p4) = (pa — CA)D,(ql) + (pa — /\CA)DS) and

B (p(l)) (pl(g) )Dél) + (p%z) - cB)D( ). By substituting (A.3) into n{T(pa) and
T( 1)

pp’) are concave in p4 and pg), respectively.

. BT (pa)
By solving the first-order conditions T

Ty (pé)) we find that 74T (p4) and 7Y

= 0 simultaneously, we can

derive the equlhbrlum first-period prices given in Table 3 By substituting the equlhbrlum
first-period prices into Equation (A3), we can derive the equilibrium second-period price
of firm B. By substituting the equilibrium prices into the consumer demands and profit
functions, we can obtain the corresponding profits and consumer demands summarized in
Table 3. The profits corresponding to firms A and B are
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Due to the constraints of DgT(l) + DgT( ) — =1and DUT(Z) + DgT(z) = 1, it follows

that both DKT(U and DZIT(z) fall within the interval € [0,1]. From Table 3, we obtain that
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nario (U, T), consumer demand of both periods of low-carbon firm A is within € [0, 1] if
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Proof of Corollary 1. See the proof of Proposition2. O

Proof of Proposition 3. Under scenario (T, U) where pg) = pg) = pp and low-carbon firm
A adopts tiered pricing during the two periods, we find the subgame perfect equilibrium by
(2)

backward induction. At the beginning of the second period, low-carbon firm A chooses p ,

to maximize its second-period profit NUT(Z) = (p(z) c A/\)Dl(qz). We find nZIT(z) is concave
UT( )
in p(A) By solving the first-order condition —{— = 0, we can obtain the equilibrium

second-period price of low-carbon firm A as follows:

p(z) _ t+’)’+}93(1+5) +CA(1—|—5)/\

A 2(1+9) (A4)

Based on the price of firm A’s second-period response, the firms then indepen-

dently and simultaneously set the first-period prices pfql) and pp, to maximize their

profits over the two periods, which are given by {7 (p (1)) (p(A) CA)DI(;) + (pf) -

Aca)D 1(4.2) and 737 (pp) = (pp — CB)DI(;) + (pp — CB)Déz). By substituting (A.4) into

gT(qu)) and 74T (pg), we find that n%T(pg)) and 74T (pg) are concave in pfq) and
UT (1)
pB, respectively. By solving the first-order conditions dBT((A%A) = 0 and dp(p B)

0 simultaneously, we can derive the equilibrium first-period prices given in Table 4.
By substituting the equilibrium first-period prices into Equation (A4), we can derive
the equilibrium second-period price of firm A. By substituting the equilibrium prices
into the consumer demands and profit functions, we can obtain the corresponding prof-
its and consumer demands summarized in Table 4. Specially, the profits of firms A

_ 2 _ 2
and B are ngu (11t437+3cp(1+6)+ca 4CA(l+§))\)2(;z)§%1+f;§llt+3’y+303(l+§)+cA( 4+A4+00)) and
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Similar to Proof of Proposition 2, we obtain:
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Due to Dzu(l) + Dgu(l) =1and Dl; @) + Dg = 1, it follows that both D ,

and DZU(Z) fall within the interval € [0,1]. From Table 3, we obtain that D! n ( ) —
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may be negative, and we delete this case). Thus, in scenario (T, U), consumer demand of both pe-
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riods of low-carbon firm A is within € [0, 1] if min{ 11t+31f3(?ﬁ;;\6)720t, 11[+3Z&?:§)(A1jf )720t} <
llt+3’y+3cB(l+(5) 114+37+3cp(1+0) } L)

I—(1to)A  /  4(1+0)A—1

U < min{

Proof of Proposition 4. Under scenario (T, T) where both low-carbon firm A and tradi-
tional firm B adopt tiered pricing during the two periods, we find the subgame per-
fect equilibrium by backward induction. At the beginning of the second period, low-

carbon firm A and and traditional firm B independently and simultaneously choose pf)

and pé) to maximize their own second-period proﬁt nTT(Z) = (p%) —-c AA)DEAAZ) and
gT(z) = (p 532) —cg)Dyg D). We find nT @) and g TT(2) are concave functions in pf) and
2) TT(Z) d TT(z)
pgp - By solving the first-order conditions T = 0 and —25~ = 0, we can obtain the
Pa PB

equilibrium second-period prices as follows:

p(z) . 3t+v+cp(14+8)+2ca(1+6)A

A 3(1+9) (A5)

(2)  3t-— 74+ 2cg(1+6)+ca(l+0)A

Pp- = 3(1+0) '

With the anticipated best response second-period prices, both firm A and firm B
independently and simultaneously set the first-period prices pfql) and pl(gl). To maximize
their own profits over the two periods, the first-period profits of both firm A and firm B
are NZ;T(PE:)) ('] (1) cA/\)D(l) + 7.[TT(2) (1)) (Pg) )D(l) + HTT(2) By

substituting Egs. (A.5) and (A.6) into 7} ( pg)) and 77}, (p% )), we find that 74T ( pg)) and
(1)) (1) (1)

(A6)

and ;T (p

niT(py’) are concave in p,’ and py’, respectively. By solving the first-order conditions
TT TT
% =0and % = 0 simultaneously, we can derive the equilibrium first-period prices
Pa Ps

given in Table 5. By substituting the equilibrium first-period prices into Equations (A5) and
(A6), we can derive the equilibrium second-period prices.

By substituting the equilibrium prices into the consumer demands and profit functions,
we can further obtain the corresponding profits and consumer demands summarized in
Table 5. Corresponding, the profits of firms A and B are

ST _ (1+6)(Bt+7—ca+cp(1+6)2+Bt+7—ca(l+6)A+cp(1+46))?
A 18t(1+6)

and

T _ 2(cg(140) =3t +79)?> —2ca(cp(1+6) — 3t +9) (L + A+ 6A) + ¢4 (1 + 6)2A2
& 18t(1 +9) ‘

, we find

T(1) _ 3t+y+cp(1+6)+2cy d TT(2) _ Bt+y+ep(1+0)+2c4(14+0)A
=——35——*"and p,

T
Because of p, 3(0+0)

that AplT = pZT(Z) - pgT(l) = —%W —2c4(1 — A). Based on the parameter
range, we obtain APIT < 0; thus Pa 7@ - Pa T Slmllarly, we derive that pp IT@2) - pTT(l)
if0 < & < 154, otherwise, Pg 7@ pgT( ). We have D T@ DTT(l) and DTT(Z) DlgT(l)
if0 <6< 1% otherwise, DTT(Z) < D;T(l) and DB @ s D "M Gimilar to Proof
TT(1) TT(z)

of Proposition 2, in scenario (T, T), we obtain % é“y = % > 0, i 37 = 3(117+6) > 0,
5pITM 1 5pIT® 1 apTT(l) 1 apTT(z) 1

aAy =g >0 efv =a >0 57 = T304 < 0, 37 = T304 < 0,
opth) ) 4D . ap! T ap!T® st

3y —a <Oand —=h— = -5 < 0. 45— =% >0, 45— = _3(”5)7(2) <0
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TT(1) TT(l) T )

P =% >0 P = g3 < oand P— = S < 0ify < 3t and
TT(1)
T =g <o,
Due to DTT(U + DgT(l) = 1land DgT(z) + DIET@ = 1, it follows that both DTT(U
and DTT(Z) fall within the interval € [0,1]. From Table 5, we obtain that D! N ra ) =

is within € [0,1] if 3t + vy +
3t+y+cp(1+6)—6t
if o <

. Thus, in scenario (T, T), consumer demand of both periods of low-

carbon firm A is within € [0, 1] if min{3t + vy + cg(1+ ) — 6t, Sttytep(ltd) -6t

(1+0)A
min{3t + v + cg(1 + 9), W} To ensure that low-carbon firm A does not out-

price traditional firm B across all four scenarios, we require c4 < mzn{c%u, C%T, cgu, CET .

(Bt+v+cp(148))—12¢(246) 3(3t+y+cp(1+6))—4t(5426) min{11t+3v+3c3(1+5) 20t
(2+439)(14+A+07) Y (146) (2+A+6A) ’ (1+6)A ’

3t+'y+cB(1+§)—cA TT(2) _ 3t+y+cp(1+8)—cs(14+6)A TT(1)
— %~ and D, = - . D,

c(1408) — 6t < cq < 3t+7+cp(1+5) and D@ is within € [0, 1]

3t+y+cp (1+5)

€A < —({7on

<l <

Namely, min {

llHSZa?ff)(;Jrf 20 min{3t + v +  cp(l + 6) — 6t, —3t+7+(1ci51§5 VY < ey
(Bt+y+cp(1+6)) 3(Bt+y+ cg(1+6)) . - 1lt+37+363(1+¢5) 11t+3v+3cp(1+6)
< mm{ (2+30)(1+A10A) 7 (1+6)(2+)\+M) ,min I-(1to)A  ’~ 4(1+0)A-1 } min{3t+ v+

3t+y+cp(1+0) (3t+y+cp(148))—12¢2+8) 3(3t+y+cp(1+8))—4t(5+24)
cp(1+9), 4(1+§) '}}. Welet ¢} = min{* PRET EwE T — AT @ATon)

- 11439+3cp(140)—20f 114+37+3c5(1+8)—20¢ 3t-+y-+cp(1+6)—6t
min{ —(1+0)A ’ 41+0)A-1 }min{3t++cp(1+0) —6t, d+o)A 1
2 _mm{ (Bt+y+cp(1+6)) 3(3t+y+cp(1+6)) . . {1lt+3'y+3cB(l+z>) 11t+3'y+3cB(1+(>)}

B 2+30)(1+A+0A) 7 (1+8)(Z+A+oA) / I-(I+o)A 7 dd+oA-1

min{3t +y +cp(1+9), W}} Thatis, cj < cy <c3. O

Proof of Corollary 1. See the proof of Proposition4. O

Proof of Proposition 5. In the scenario of the traditional firm adopting uniform pricing,
Welet W(y) = ngu('y) — 1l () and find that W(y) is a quadratic function with respect
to 7. We define 7., and ~% as the left and right roots of the quadratic function W(y) = 0,
respectively. Because of

ru (11t +37 +3cp(1+08) +ca —4ca(14+6)A)2 + (1 +8) (11 + 3y +3cp(1 +0) + ca(—4 + A +6A))?
A= 200t(1 +0)

and

Ul _ 8(3t+ 7 +cp(140))>+c%4(1 +A+M)(2—35+2A(+55A)) +4cpa(Bt+v+cp(1+9))(6(A—=3)—2(1+A))
36t(2+0 ’

we obtain

1

WO = oo 1 )2 5 0)

(12 (765 8162 + 76) Ay~ Ay — Ay — Ay — As — Ag— Ay),

where A; = cB2(1+6)*(6(815 — 76) — 76),
Ay =2cB(1+6)(3t(96 —2)(2 +116) + v(6(816 — 76)) — 76),
Az =3t(27(95 — 2)(2 4 116) + 3t(84 + 6(84 + 1219))),
Ay = cA? (206 4915 + 2946 +2(1 +6)(6(395 — 244) — A4\ + (1 +6)2(206 + 5(~79 + 95))/\2),
As = 2cA(6t + 38y + 5(y(203 4 1926) + t(411 + 5049))),

Ag =2cA((1+6)(t(6 —3995 +995%) + (38 + 6(275 — 127))) A)

A7 =2cA(cB(1+6)(38 42030 + 19262 + (1 + 6)(38 + 6(275 — 127))A)).

To understand the shape of the quadratic function W(+y), it is necessary to assess
whether 766 — 8132 + 76 is greater than, less than, or equal to 0. Define the other quadratic

function Y (8) = 766 — 8152 + 76 concerning &, which is a continuous function for § € [0, 1].
Ag GY(F)
dffi

NN

= —1626 + 76, W(7) is strictly increasing for § € (0, 23], and strictly decreasing
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foré € (g—?, 1], we derive Y(d) > 0 when § € [0, 1]. Since the quadratic coefficient Y(J) is
positive, the quadratic function W(7y) is an upward parabola. Then, we discuss the pricing
strategy selection for the low-carbon firm in the following three scenarios: First, if there
exists 74 < 0 and W(vy) must be greater than zero, we obtain the following observations:
scenario (U, U) is optimal and uniform pricing is always better than tiered pricing for low
carbon firm. This scenario is not sufficiently interesting and therefore falls outside the
scope of our discussion. Second, if there exists 7}, < 0and 7% > 0, we get the following
observations: W(7y) is less than zero if 0 < v < 7124, the low-carbon firm adopts tiered
pricing; W () is greater than zero if ¥ > %, low-carbon firm adopts uniform pricing. Third,
if there exists y; > 0 and 7, > 0. We obtain the following observations: W(vy) is greater
than zero when 0 < y < 7}, and in this case, the low-carbon firm adopts uniform pricing;
On the other hand, W() is less than zero when 'y} <9< 'yl-z, prompting the low-carbon
firm to choose tiered pricing. Combining first, second, and third, we obtain the following
results: When the traditional firm adopts uniform pricing, the low-carbon firm also chooses
uniform pricing if the low-carbon advantage is in the range 0 < v < max{0,7}} or y > 73.
Otherwise, the low-carbon firm adopts tiered pricing if the low-carbon advantage falls
within the range max{0,74} < v < 3.

Similarly, when the low-carbon firm adopts uniform pricing, we let Z(vy) = n§Y(y) —
74T () and find Z(y) is a quadratic function for -y. We employ the same reasoning process
as above and find that the quadratic function Z(vy) = 7{Y(y) — 74T () is an upward
parabola. Define 7} and 73 as the left and right roots of the quadratic function Z(vy) =0,
respectively. We obtain similar results: when the low-carbon firm adopts uniform pricing,
the traditional firm will also choose uniform pricing if the low-carbon advantage is in the
range 0 < v < max{0,v4} or v > 74. However, the traditional firm adopts tiered pricing
if the low-carbon advantage falls within the range max{0, 7]13} <7< 7]23.

In summary, when one firm adopts uniform pricing, a low-carbon or traditional
firm also chooses uniform pricing if the low-carbon advantage falls within the range
0 < v < max{0, 'yll} or vy > 'yl-z. However, the low-carbon or traditional firm adopts tiered
pricing if the low-carbon advantage is in the range v > 2. To visually compare the optimal
pricing strategies for both low-carbon and traditional firms, we use two concrete examples
with parameters (t = %, A= %, CA = %, g = 11@) and (t = %, A= %, cp = %, g = %)
to examine the impact of low-carbon advantage on the pricing choices of low-carbon and
traditional firms as in Figure 2. O

Proof of Proposition 6. In the scenario of the traditional firm adopting tiered pricing, We
let R(7y) = n4T () — m}T (7) and find that R() is a quadratic function to 7. Define 7% and
7% as the left and right roots of the quadratic function R(7y) = 0, respectively. Because of

TT _ (140)(Bt+y—catcp(146))?+(Bt+y—ca (1+5)A+cp(1+6))? ur._
Ta = 18t(1+9) and Ty =
4(340) (3t+7+cp(1+6))2+% (24A+6A) (1+(1+6) (3+8)A) —c 4 (Bt+y+cp (147)) (11+13A+45(4+641)) .

11(5+20)7 , We obtain

R(v) = m(z(‘l +06(7 —26(5+26)))y* + By + By + B3 + By),

where By = 4(3t+cB(1+6))(4+ (7 —26(5+20))),

By = 2(3t 4 cB(1+6))*(4+ 6(7 — 26(5+26))),

By = cA2(1+68)*(9(7 +26)A — 8(4 +6) + ((6 — 4)5 — 23)A2),

By = cA(1+6)(cB +3t + 7+ cB8)(1 — 174 + 46(—16 + 11A + (44 — 5))).

To understand the shape of the function R(7), it is necessary to assess the rela-
tionship between 2(4 + 6(7 — 26(5+ 26))) and 0. We define the new quadratic function
S(6) =2(4+ (7 —25(5+ 29))) concerning §, which is a continuous function for é € [0, 1].
As di(fgi) = —2(126% + 205 — 7), S(6) is strictly increasing for § € [0, @_5], and strictly
decreasing for ¢ € (@, 1]. Moreover, S(1%) = 0, we derive S(5) > 0 when 6 € [0, 138],
S(6) < 0 when s € (1%,1).

If 5 € [0, 1], S(8) > 0, the quadratic coefficient of S(8) is positive, the quadratic func-
tion R(7y) is an upward parabola. Thus, we find that when the traditional firm adopts tiered
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pricing; Otherwise, the low-carbon firm chooses uniform pricing if 0 < v < max{0,7%} or
v > 'yjlq ; the low-carbon firm chooses tiered pricing if max{0, ’yi} <7< 'yjlq.

Ifé e (%, |, S(8) < 0, the quadratic coefficient of S(d) is negative; the quadratic
function R(7y) is an downward parabola. Thus, we find that when a traditional firm adopts
tiered pricing, the low-carbon firm chooses uniform pricing if max{0,7%} < v < 7%;
Otherwise, the low-carbon firm chooses tiered pricing if 0 < y < max{0, 7?4} or 7y > 'yi.

When traditional firm adopts tired pricing, we use one concrete example with pa-
rameters setting (t = %, A= %, cp = %, g = %,) to examine the impact of low-carbon
advantage on low-carbon firm'’s pricing selection. Figure 3a indicates how low-carbon
advantage (y) impacts a low-carbon firm’s pricing selection when a traditional firm chooses
tiered pricing. We have the following observations: when low-carbon advantage is low
or high, the traditional firm chooses uniform pricing; when the low-carbon advantage is
moderate, both low-carbon firms select tiered pricing. 0

Proof of Proposition 7. In the scenario where the low-carbon firm adopts tiered pricing,
we let G(v) = n}Y(y) — LT (7) and find that G(v) is a quadratic function for . By
employing the same reasoning process as Proposition 5, we find that the quadratic function
G(y) = mi¥(y) — nkT(y) is an upward parabola. Define 73 and 7% as the left and
right roots of the quadratic function G(7y) = 0, respectively. We obtain similar results to
Proposition 5: When the low-carbon firm adopts uniform pricing, the traditional firm also
chooses uniform pricing if the low-carbon advantage is in the range 0 < y < max{0, 73}
or 7 > 7. However, the traditional firm adopts tiered pricing if low-carbon advantage
falls within the range max{0, 73} <y < ~3. O
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