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In literature, the firm’s selection of dual-product strategy under cap-and-trade regulation and the optimal emission reduction
decisions are not well studied, especially through an analytical approach. We develop a theoretic model to investigate the firm’s
selection on three product strategies in the presence of cap-and-trade policy, including two single product strategies and a dual-
product strategy, and identify two types of consumers: consumers with low-carbon preference and regular consumers. Our
analysis shows that, (i) in the absence of cap-and-trade policy, it is optimal to adopt dual-product strategy, but in the presence of
this policy, it is optimal to adopt dual-product strategy or low-carbon product strategy. (ii) Compared with ordinary product
strategy, adopting a low-carbon product strategy or dual-product strategy benefits the firm under cap-and-trade regulation. (iii)
The additional cost of producing low-carbon product has an impact on the firm’s product strategy selection under cap-and-trade
regulation. When it falls below a certain threshold, it is optimal to adopt a dual-product strategy; otherwise, it is optimal to adopt a
low-carbon product strategy. Our research can provide reference for firm’s decision-making and government’s

policy formulation.

1. Introduction

With the deterioration of the global environment, excessive
carbon emissions have attracted increasing attention.
According to ABC News in the US, global carbon emissions
in 2020 fell 7% from 2019 levels due to COVID-19 and
reached 37 billion tons. However, the long-term growth
trend has not changed, and this value is expected to reach 58
billion tons by 2030. Given the gravity of the situation, many
governments have adopted measures to limit and reduce
excessive carbon emissions. Among these measures, a cap-
and-trade system, because it could encourage firms to au-
tomatically reduce carbon emissions, is considered an ef-
fective policy and has been adopted by many countries [1, 2].
The European Union Emission Trading Scheme (EU-ETS)
began to implement this policy in 2005 [3]. According to

World Bank statistics, more than 46 countries and 32 regions
have implemented 61 policies addressing carbon emission
reduction, of which 31 are cap-and-trade systems. In 2011,
China began piloting this policy in seven provinces, in-
cluding Beijing, Shanghai, and Chongging. By the end of
2020, China’s pilot area had covered approximately 3,000
firms in more than 20 industries.

In a cap-and-trade system, the firm can obtain a certain
amount of free carbon emissions from the government, and
if the firm’s actual total emissions are below this quota, the
unused remainder of the free emission quota can be sold on
an emissions trading market. However, if its total emissions
exceed the quota, the firm must purchase the required al-
lowances in the carbon market. This policy places a con-
straint on the firm’s total carbon emissions, which may
increase the firm’s cost to some extent. However, it also
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allows firms to trade their carbon allowances in the market,
providing an opportunity to increase profits for those
committed to carbon reduction.

Moreover, in recent years, some consumers environ-
mental consciousness has expanded substantially. An in-
creasing number of consumers prefer environmentally
friendly products and are willing to pay higher prices for
them [4, 5]. A recent survey shows that 17% of US con-
sumers and 23% of European consumers have a preference
for green products [6]. The European Commission’s study is
more optimistic, and they conclude that 75% of the re-
spondents prefer to purchase green products [7]. However,
these studies also imply that not all consumers have a strong
environmental consciousness, and some consumers con-
tinue to have reservations about environmentally friendly
products. In other words, at present, consumers are het-
erogeneous due to their different levels of environmental
consciousness.

Influenced by the government’s cap-and-trade policy
and the increasing environmental awareness of consumers,
some firms begin to consider taking measures to reduce their
carbon emissions in the production process. Among these
measures, a typical one is to shift away from ordinary
product to produce low-carbon product. In this way, on the
one hand, the total carbon emission can be reduced, and the
impact of cap-and-trade policy on firm can be alleviated. On
the other hand, the low-carbon products can meet the needs
of consumers with low-carbon preferences in the market.
Thus, more consumer surplus can be obtained. However,
producing low-carbon products requires adopting low-
carbon technology, which will incur additional cost.
Therefore, under the influence of cap-and-trade policy, the
firm has to make a decision whether to continue to produce
ordinary products or choose to produce low-carbon prod-
uct. If it chooses to produce low-carbon products, how to
make decisions on the carbon emission reduction level of
products?

To address this issue, this paper developed a game-
theoretic model to examine the firm’s product strategy se-
lection under the regulation of cap-and-trade policy. Spe-
cifically, we try to answer the following questions:

(i) Is the firm’s optimal product strategy the same
before and after the cap and trade policy is
implemented?

(ii) Under cap-and-trade regulation, how does the firm
choose its optimal product strategy?

(iii) What is the impact of cap-and-trade policy on the
firm’s decision regarding the product’s optimal
emission reduction?

Previous literature on firm’s product strategy selection
and carbon emission reduction decisions only considered
the firm’s choice of the single product strategy; research
using analytical model to investigate the firm’s choice of
dual-product strategy under cap-and-trade regulation is still
spare. Moreover, most of them assumed that consumers
have the same preference for low-carbon product without
considering the heterogeneity of consumers’ preference for
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low-carbon product. To fill this research gap, we develop a
theoretic model to investigate the firm’s selection on three
product strategies under cap-and-trade regulation, includ-
ing two single product strategies and a dual-product
strategy, and identify two types of consumers: consumers
with low-carbon preference and regular consumers.

We first establish an analytical model under three
product strategies (ordinary product, low-carbon product
strategy, and dual-product strategy) and solve for the op-
timal solutions using a game theoretic approach. Then, we
compare and analyze the optimal solutions under each
product strategy. In addition, we compare the firm’s optimal
product strategies covered by cap-and-trade policy and those
not covered by this policy.

The remainder of the paper proceeds as follows. We
review the related literature in Section 2, and then we
provide the related notations and assumptions in Section 3.
In Section 4, we set up the model. In Section 5, we examine
the firm’s optimal solutions under each product strategy and
compare them. In Section 6, we provide the numerical
example for the findings. We also provide the discussion of
the research results in Section 7. In Section 8, we conclude
the paper.

2. Literature Review

There are three streams of literature that are relevant to our
research, and we will review them, respectively.

The first research stream is concerned with consumers’
attitude and preference for low-carbon product. Due to the
direct impact of environmental pollution, as well as the
advocacy of the government and environmental protection
organizations, consumers are increasingly aware of envi-
ronmental protection, and some consumers even have a
certain purchasing preference for low-carbon product. At
present, many scholars have done research on this subject.
For example, Aguilar and Vlosky [8] implied that three of
four of the respondents exhibit willingness to pay a 10%
premium for certified wood products. Roheim et al. [9] tried
to find whether the consumers would genuinely pay a pre-
mium for the green products. Their results indicate that the
consumers would pay at least a 14.2% premium for the eco-
labeling seafood. Kang et al. [10] concentrated on US hotel
consumers’ environmental consciousness and consuming
behavior. Their results highlight that the consumers pay high
attention to the hotel green initiatives and present willingness
to pay a premium for them. Akehurst et al. [11] provided a
new evidence to support the viewpoint that the ecological
conscious consumers have higher intention to purchase green
products. Zhang et al. [12] conducted a survey on consumers’
willingness to pay a price premium for energy-saving ap-
pliances and found that consumer’s environmental values can
positively affect consumer’s purchasing behavior. Tan et al.
[13] compared consumer’s price premiums for FSC Labeled
Wood Flooring in five cities of China and found that some
consumers indeed exhibit preference for environmentally
friendly flooring. Higgins et al. [14] concluded that con-
sumer’s conservation-orientated beliefs enable them to pay a
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price premiums for Eco-Labelled forest products in Northern
Ireland. From the results of above research, it is true that some
consumers have purchasing preference for environment-
friendly and low-carbon products and are willing to pay a
higher price for them. However, the above studies only ad-
dress consumers’ environmental consciousness and con-
sumption without taking into account the heterogeneity of
consumers’ low-carbon preference, nor incorporating the
firm’s production decisions into their research framework,
while the above research can help us with the setup of our
model by capturing low-carbon product’s attributes and
consumer’s preference.

The second stream is the studies on various government
policies and incentive schemes to limit and constrain the
firm’s carbon emission. In particular, several papers studied
a variety of financial incentives policies for firms, including
cap-and-trade policy, carbon tax, and subsidy policy. For
example, Benjaafar et al. [15] provided a comparison of the
impacts of four low-carbon policies, including the cap-and-
trade scheme, on firms’ production and inventory decisions.
Cao et al. [16] examined the different impacts of cap-and-
trade policy and low-carbon subsidy policy on the firm’s
carbon emission reduction level. Xu et al. [17] studied the
make-to-order problem of the supply chain under cap and
trade regulation and provided the relevant coordination
mechanism in the conclusion. Zhang [18] found that,
compared with the constraint of carbon emission reduction
for all industries, the government’s constraint policy for
enterprises with high energy consumption has a positive
impact on the economy and social welfare. Zhou et al. [19]
compared the effects of a flat carbon tax policy and an
increasing block carbon tax policy on carbon emission re-
duction and social welfare and found that increasing block
carbon tax policy can relieve of the manufacturer’s burden.
Hussain et al. [20] found that emission reduction subsidy
policy enabled a firm to obtain largest profits and can ensure
the adoption of green technology. Zhang et al. [21] com-
pared the low-carbon sustainable development level of some
major cities in China and identified the factors influencing
the low-carbon sustainable development level of city. Yang
et al. [22] identified that government subsidy policy is an
effective way to incentive the firm to adopt green technology
and accordingly can expand the green product market. Lu
and Sun [23] examined the effects of cap-and-trade regu-
lation and subsidy incentives on the firm’s low-carbon
technology level for new products. Zhang et al. [24] pointed
out that carbon emission is an important factor reflecting the
level of low-carbon sustainable development of the firm and
concluded that government policies can effectively promote
the firm to reduce carbon emission. While all the above
papers used empirical or simulation approaches to inves-
tigate various government policies’ effects on firm’s carbon
emission reduction decisions, researches studying the in-
fluence of cap-and-trade policy on the product selection
strategy and carbon emission reduction decisions are quite
limited.

The third research stream uses analytical models to study
the firm’s operation decisions under the government’s policy
in terms of carbon emission reduction. A number of

researchers addressed the traditional operation decisions
under the government’s policies, including pricing, pro-
duction, and inventory decisions [25-28]. However, there
are indeed some scholars who have studied the firm’s choice
of low-carbon product strategy or green technology strategy
under the influence of government policies. For instance, Du
et al. [29] found that, under cap-and-trade regulation,
adopting low-carbon production strategy can improve the
firm’s profits to a certain extent, and the cap-and-trade
policy can effectively reduce the firm’s total carbon emis-
sions, which is consistent with our conclusions. Du et al. [29]
assumed that all consumers give higher evaluation to low-
carbon products than ordinary products. Different from Du
et al. [29], we divided consumers into two categories:
consumers with preference for low-carbon products and
ordinary consumers without preference. Meng et al. [30]
examined the firm’s carbon emission reduction decisions
and product strategy selection under the influence of carbon
tax policy. They assumed that the firm has a choice between
common products and low-carbon products. However, our
study examines the firm’s choice of three product strategies.
In addition, they mainly studied the impact of carbon tax
rate on product strategy selection, while our study focused
on the impact of cap-and-trade policy on the firm’s product
strategy selection. Zhang et al. [31] investigated whether the
firm should adopt green technology to reduce carbon
emissions or directly purchase carbon quota under cap-and-
trade regulation, which is similar to our research theme.
However, Zhang’s research mainly focuses on the impact of
consumers’ low-carbon preference on the firm’s strategy
selection, while our research mainly focuses on the influence
of cap-and-trade policy on the firm’s strategy selection and
emission reduction decision. Zhang et al. [32] also studied
whether the firm should invest in green technology to reduce
carbon emissions and found that it is not beneficial to the
manufacturer when the cost is relatively high. We differ from
Zhang et al. [32] in that we consider the firm under the
regulation of cap-and-trade policy, while Zhang et al. [32]
does not consider the influence of government policy.

From the analysis above, it can be seen that although
many scholars have studied the firm’s choice of low-carbon
production or green technology strategy under the influence
of government policies, they did not consider the choice of
dual-product product strategy under cap-and-trade regu-
lation. To fill the gap, we establish theoretic model to explore
the firm’s optimal product strategy by considering three
product strategies and two types of consumers, and, fur-
thermore, we examine the impact of cap-and-trade policy on
the firm’s product strategy selection and emission reduction
of product, which we believe adds a good contribution to the
existing literature.

3. Notations and Assumptions

We summarize the notations in Table 1.

3.1. Assumptions. To establish the model, we make the
following assumptions:



Assumption 1. The additional cost of low-carbon technology
improvement for producing low-carbon products is as-
sumed to be a quadratic function 1/2ke’>. A similar as-
sumption can be found in many recent studies [33, 34].

Assumption 2. We assume that the carbon emissions of the
low-carbon product are lower than those of the ordinary
product. In other words, in equilibrium, the carbon emission
reduction level of the low-carbon product should be greater
than zero.

Assumption 3. We assume that when the firm adopts the
ordinary product strategy, low-carbon product strategy, or
dual-product strategy, in equilibrium, product demand is
greater than zero.

4. Model Description

4.1. Consumer Utility. Consumers with low-carbon prefer-
ences have strong environmental consciousness and prefer
to purchase low-carbon products. Regular consumers are
those with low environmental consciousness, and they have
no obvious preference for the low-carbon product. We
assume the total market size to be 1, the proportion of
consumers with low-carbon preferences to be r, and the
proportion of regular consumers to be 1 —r.

Denote by v the valuation of consumers with low-carbon
preference for the ordinary product, which follows a uni-
form distribution of [0, 1]. Since they prefer to purchase a
low-carbon product, they will obtain additional utility when
purchasing a low-carbon product. We assume that their
evaluation for a low-carbon product is v + ae, where ae is the
additional utility they obtain. e represents the carbon
emission reduction level per unit of low-carbon product
compared with ordinary product, and a describes the sen-
sitivity of consumers with low-carbon preference to the
emission reduction level of the product (0 <a < 1). A larger
value of a indicates that these consumers have a greater
preference for low-carbon products, and a larger value of e
indicates that they obtain more utility from purchasing low-
carbon products. Then, the net utility that consumers with
low-carbon preference obtain from purchasing ordinary
products is v— p and that from purchasing low-carbon
products is v + ae — p. Regular consumers have no prefer-
ence for low-carbon products. There is no difference be-
tween their evaluation of low-carbon products and ordinary
products. Their evaluation for both products is v, and they
can obtain net utility v — p from purchasing both products.

4.2. The Product Strategy of the Firm. If the firm produces a
low-carbon product, it will incur an additional one-time
investment cost 1/2ke®. The parameter k is referred to as the
cost effectiveness of carbon emission reduction (k> 0).
Additionally, we define e; as the carbon emissions of the
ordinary product in the production process and e as the
carbon emission reduction level compared with the ordinary
product (e, >e), which is also the firm’s decision-making
variable. Therefore, the carbon emissions of the low-carbon
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product are e, — e. Moreover, under cap-and-trade regula-
tion, when total carbon emissions are lower than the free
emission quota, the firm can sell the unused emission al-
lowance in the market at price t(t>0). To avoid trivial
outcomes, we also assume that a — ¢ > 0.

5. The Firm’s Product Strategy

In this section, we mainly examine the firm’s two single
product strategies and a dual-product strategy, as well as the
optimal decisions under each product strategy in a mo-
nopoly market.

5.1. Single Product Strategy. When the firm adopts a single
product strategy, there are two strategies to choose. One is
the ordinary product strategy; that is, the firm only produces
ordinary products; the other is the low-carbon product
strategy; that is, the firm only produces low-carbon
products.

If the firm adopts an ordinary product strategy, both
consumers with low-carbon preferences and regular con-
sumers will choose to purchase ordinary products. Con-
sumers with low-carbon preferences prefer to purchase low-
carbon products. However, we assume that this is a mo-
nopoly market and that the firm does not provide a low-
carbon product, so consumers with a low-carbon preference
have no choice but to purchase ordinary products together
with regular consumers. Thus, both types of consumers have
the same valuation v for ordinary products, so we can regard
current consumers as homogeneous. In addition, the value
of r is 0. Furthermore, under an ordinary product strategy,
the firm does not reduce the product’s carbon emission level,
and the present carbon emission level of the product is still
ey> which means that the value of e is 0. The firm first an-
nounces the product price p; and then brings the product to
market. After learning the product price, consumers decide
whether to buy the product according to their own utility.

Since both types of consumers have the same valuation v
for ordinary products, and price is the only factor that affects
consumers’ purchasing decisions, we assume that each
consumer follows a simple decision rule: if his or her val-
uation v equals or exceeds the offered product price p,, the
customer will purchase the product; otherwise, he or she will
leave the system. Moreover, each consumer purchases at
most one unit of the product. Since consumers’ valuations
are uniformly distributed from 0 to 1 with a density of 1, this
implies that 1 - p; consumers will purchase the product.
Therefore, we can derive the product’s demand function
D, =1- p, (ie, we use the subscript “1” to represent the
variables under the ordinary product strategy). Such a
uniform distribution setting is widely used in marketing-
related studies.

On the basis of the demand function, the firm’s profit can
be modeled as

m = (p1 —¢)D; —t(e;,D; - Q). (1)

The first section on the right side of above equation
represents the benefit obtained by producing ordinary
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TasLE 1: Notations.

Notation Description

v Consumers’ evaluation for the ordinary product

e Carbon emission reduction level of the low-carbon product

€ Carbon emissions of the ordinary product in the production process

a Preference coeflicient of the consumers with a low-carbon preference

t Unit carbon price in the trading market under cap-and-trade regulation
The firm’s free emission quota allocated by the government

1/2ke? Additional cost for low-carbon technology improvement

c The marginal cost of a unit of product

k Coeflicient for the additional cost of low-carbon technology improvement

r The proportion of consumers with low-carbon preferences in the market

1-r The proportion of regular consumers in the market

P The price of the product

D The demand for the product

T The firm’s profit

products, while the second section represents the firm’s
increased cost or benefit under the influence of cap-and-
trade policy. Then, we can derive the optimal product price,
demand, and firm profit. They are p;* = (eyt+
c+1)2D,* = (1 —eyt—o)/2m,* = ((eyt +c — 1)* +tQ)/4

If the firm chooses a low-carbon product strategy, the
valuation of consumers with low-carbon preference for low-
carbon products is v + ae, while that of regular consumers
for low-carbon product is still v. Then, we can regard current
consumers as heterogeneous, and the value of r varies in the
range [0, 1]. The firm reduces the carbon emissions of the
product in the production process, and the value of e varies
in the range [0, ;] (i.e., we use the subscript “2” to represent
the variables under the low-carbon product strategy).

Under a low-carbon product strategy, the firm first
announces the carbon emission reduction level e,, sets the
product price p,, and then places the product on the market.
However, producing a low-carbon product requires the
implementation of low-carbon technology, which entails
additional technology improvement costs 1/2ke3. After
observing the product price and carbon emission reduction
level, consumers decide whether to buy the product based on
their own utility.

The sequence of events in this scenario is shown in
Figure 1.

When purchasing low-carbon products, the net utility of
consumers with low-carbon preferences is v + ae, — p, and
that of regular consumers is v — p,. Similar to the process of
deducing the demand function in Section 5.1, the demand
for the low-carbon product can be derived as
D, =r(1 - p,+ae,) + (1 -r)(1 - p,), and the firm’s profit
is

1
my = (p, —¢)D, —t[(ey —e,)D, — Q] — Eke; (2)

The first section on the right side of above equation
represents the benefit obtained by producing a low-carbon
product, the second section represents the firm’s increased
cost or benefit under the influence of the cap-and-trade
policy, and the third section represents the additional cost of
technology improvement for producing a low-carbon
product. Then, we can derive the optimal product price,

demand, and firm profit under a low-carbon product
strategy, which are shown in Lemma 1.

Lemma 1. The optimal emission reduction level e,”, product
price p,* product demand D,* and profit m,* are

. (ar+t)(egt+c—1)
(ar +t)* -2k

€

. (ar +1t)(aegrt + acr +t) —k(egt +c—1)
(ar +1)* - 2k '

2

3
*_k(eot+c—1). G)

- (ar +1)* = 2k’

. 12Qt[(ar+t)2—2k]—k(eot+c—l)2
m, == :
) (ar +1)* -2k

5.2. Dual-Product Strategy. We next consider the situation
in which the firm adopts a dual-product strategy to produce
two types of products (i.e., we use the subscript “0” to
represent the variables for the ordinary product, and “L” to
represent the variables for the low-carbon product). The firm
still needs to implement low-carbon technology improve-
ment and faces additional costs. The firm first determines the
carbon emission reduction level e; of the low-carbon
product, then sets the prices of two types of products (i.e., we
denote by p, the price of the ordinary product and by p; the
price of low-carbon product), and finally places both on the
market. After observing the prices and the carbon emission
reduction level, consumers make their purchasing decisions
(Figure 2).

Consumers with low-carbon preferences obtain net
utility v — p; + ae; from buying the low-carbon product and
v—p, from buying the ordinary product. Regular con-
sumers obtain net utility v — p; from buying the low-carbon
product and v — p, from buying the ordinary product. For
consumers with a  low-carbon  preference, if
v — pp +ae; > v — p,, they will buy the low-carbon product.
If v—py>v—p;+ae; they will choose the ordinary
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FIGURE 1: Sequence of events under the low-carbon product strategy.
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FIGURE 2: Sequence of events under the dual-product strategy.

product. For regular consumers, if v — p; > v — p,, they will
also choose the low-carbon product. If v — p, > v — p;, they
will choose the ordinary product.

Therefore, three situations may occur.

First, both types of consumers choose the low-carbon
product. The ordinary product is driven out of the market,
and only the low-carbon product remains (i.e., p; < p, is
true).

Second, consumers with low-carbon preferences choose
the low-carbon product, while regular consumers choose the
ordinary product. The two types of products coexist in the
market (i.e., py < p; < po + ae; is true).

Third, both types of consumers choose the ordinary
product. The low-carbon product is driven out of the market,
and only the ordinary product remains (i.e., p; > p, + ae; is
true).

Therefore, we can derive the product demands:

[0,7(1—py+aes) +(1=1)(1-p)] pr<po
(Do, Dp) = [ [(1=1)(1 = py), 7 (1 = py, + aey)] PoSpL=potaes.
[1-po0] P> po +ae;

(4)

Only in the second situation do both types of products
coexist in the market, so the firm can adopt a dual-product
strategy. Our study will focus on this situation, and the firm’s
profit function can be derived as follows:

1
73 = (py =)Dy + (pp — ¢)Dy, — t[egDy + (g — €3)Dy, — Q] ‘Eke§~ (5)

From the above equation, we can see that the firm’s
benefit comes from both ordinary product and low-carbon
product it produces, and the total carbon emission also
comes from producing two types of products. By calculation,
we obtain Lemma 2.

Lemma 2. We can derive the optimal pricing strategy p,*
and p; ", the carbon emission reduction level of the low-carbon
product e;*, the product demand, and the profit n3* (i.e., we
made a verification and found that the values of p,* and p,*
satisfy this condition p, < p; < p, + aes, and we added the
proof in Appendix B):

1
P :E(eot+c+ 1);

. _r(a+t)(aegt +ac+t)—k(et+c+1)
r(a+t) -2k ’

pr

. r(a+t)(et+c+1)
ey =—— %
} r(a+t) -2k

(6)

1
D,* :E(l—r)(e0t+c+l);

D, - rk(egt +c+1)

r(a+t)’ -2k’
L1 4Qt[r(ol+t)2 —Zk] —(ept +c+ l)z[r(a+t)2(r— 1)+2k]
e r(a+t)? -2k '

We consider that there are the two types of consumers in
the market, and the proportion of consumers with low-
carbon preference in the market also has a certain impact on
the firm’s decisions. By studying the impact of this pro-
portion on the product demands and carbon emission re-
duction level of low-carbon products, we obtain
Propositions 1 and 2.

Proposition 1

(i) When the firm adopts the low-carbon product
strategy, an increase in the share of consumers with a
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low-carbon preference in the market will increase the
demand for the low-carbon product, i.e., 0D, * /0r >0

(ii)) When the firm adopts the dual-product strategy, an
increase in the share of consumers with low-carbon
preferences in the market will increase the demand for
the low-carbon product and decrease the demand for
the ordinary product, i.e., 0D} * /0r >0, 0D, * /0r >0

When the firm adopts low-carbon product strategy, the
firm only produces low-carbon product, and two types of
consumers choose to buy low-carbon product based on their
own utility. As r increases, it indicates that the proportion of
consumers with low-carbon preference in the market in-
creases, while the proportion of regular consumers de-
creases. Therefore, the product demand coming from
consumers with low-carbon preferences will gradually in-
crease, while that coming from regular consumers will
gradually decrease. Since consumers with low-carbon
preference obtain more net utility than regular consumer
without preference when buying low-carbon product, the
increased product demand from consumers with low-car-
bon preference will be greater than the reduced product
demand from regular consumers. Therefore, the total de-
mand for low-carbon product is increased.

When the firm adopts the dual-product strategy, the
demand for low-carbon product comes from consumers
with low-carbon preference, while the demand for ordinary
product comes from regular consumers without preference.
Therefore, when the proportion of consumers with low-
carbon preference in the market increases, the demand
coming from consumers with low-carbon preference for
low-carbon product will also increase. When the proportion
of regular consumers in the market decrease, the demand
coming from regular consumers for ordinary product will
also decrease.

Proposition 2

(i) When the firm adopts the low-carbon product
strategy, an increase in the share of consumers with a
low-carbon preference in the market will motivate the
firm to improve the carbon emission reduction level of
the low-carbon product, i.e., de,*/dr >0

(ii)) When the firm adopts the dual-product strategy, an
increase in the share of consumers with low-carbon
preferences in the market will also motivate the firm to
improve the carbon emission reduction level of the
low-carbon product, i.e., des*/0r >0

Since we have proved that, under low-carbon product
strategy, as r increases, the increased product demand from
consumers with low-carbon preference is greater than the
reduced product demand from regular consumers, which
ultimately leads to the increase of the total demand for low-
carbon product. The reason is that consumers with low-
carbon preference are sensitive to the carbon emission re-
duction level of the product, and then improving the carbon
emission reduction level of product can make them obtain

greater net utility and increase their demand for low-carbon
product. For the firm, increasing the demand for products is
always beneficial. Therefore, in order to better meet the
needs of consumers with low-carbon preferences, the firm
will try to improve the carbon emission reduction level of the
product. In addition, we have proved that, under dual-
product strategy, as r increases, consumers with low-carbon
preference will increase their demand for low-carbon
product. Similarly, in order to better meet their needs, the
firm will also try to improve the carbon emission reduction
level of their products.

In this section, we mainly analyze the results of the
models described in Section 5. To obtain managerial in-
sights, this section compares the optimal decisions and
profits under each strategy. The purpose of the cap-and-
trade policy implemented by the government is to encourage
firms to reduce the product’s carbon emissions in the
production process by allocating a limited free carbon quota,
which also has a serious impact on the firm’s profits. To
study the impact of this policy on firms’ profits, it is nec-
essary to make a comparative analysis of the firm’s profits
covered by the cap-and-trade policy and those not covered
by this policy (i.e., we use the subscript “N” to represent the
variables not under the influence of the cap-and-trade
policy, and we attach the profit function under each product
strategy in Appendix A). We first calculate the firm’s profits
not covered by the cap-and-trade policy under three product
strategies (see Table 2).

By comparing a firm’s profits not covered by the cap-
and-trade policy with those covered by this policy under
each product strategy, we can obtain Proposition 3.

Proposition 3

(i) When the firm adopts the ordinary product strategy,
if the quota allocated by the government Q is greater
than threshold Q,, the firm’s profit covered by cap-
and-trade policy will exceed the profits not covered by
this policy, i.e., m,* > my, " otherwise, the opposite is
true

(ii)) When the firm adopts the low-carbon product
strategy, if the quota allocated Q is greater than
threshold Q,, the firm’s profit covered by the cap-
and-trade policy will exceed the profits not covered by
this policy, i.e., m," > 7y, *; otherwise, the opposite is
true

(iii) When the firm adopts the dual-product strategy, if
the quota allocated Q is greater than threshold Q;,
the firm’s profit covered by the cap-and-trade policy
will exceed the profits not covered by this policy, i.e.,
3™ > 3" otherwise, the opposite is true

From Proposition 3, we find that the carbon quota al-
located by the government has a decisive impact on the
firm’s profits. Regardless of whether the firm adopts the
ordinary product strategy, low-carbon product strategy, or
dual-product strategy, as long as the carbon quota allocated
by the government is higher than a certain value, the firm’s



TaBLE 2: Firm’s profits not covered by the cap-and-trade policy
under three product strategies.
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profits covered by the cap-and-trade policy will be higher
than the profits not covered by the policy. Otherwise, the
firm profits will be lower than those not covered by this
policy.

This is because the amount of carbon quotas allocated by
the government has a direct impact on a firm’s profits.
Under the influence of the cap-and-trade policy, if the firm’s
actual total carbon emission is lower than the quota, the firm
can sell the remaining unused allowance in the market to
gain profits; if the actual total carbon emission is higher than
the quota, the firm has to buy the required quota in the
market, which will increase the cost of the firm.

When the firm is under the influence of cap-and-trade
policy, no matter which product strategy the firm adopts, it
always sets an upper limit for the firm’s total carbon
emission by allocating the carbon quota. When the quota
allocated by the government is higher than a certain value,
the firm’s actual carbon emission is lower than the quota,
and the firm may have unused quota to sell. As a result, the
firm’s profit covered by the cap-and-trade policy will be
higher than that not covered by this policy; if the carbon
quota allocated by the government is equal to this specific
value, the firm’s actual carbon emission is the same as the
carbon quota. The firm does not need to buy the required
carbon quota, and there is no remaining unused carbon
quota to sell. As a result, the firm’s profit covered by the cap-
and-trade policy is the same as that not covered by this
policy; when the quota allocated by the government is lower
than this certain value, the firm’s actual carbon emission is
higher than the quota. Whether the firm purchases the
required quota or takes measures to reduce the actual carbon
emissions, it will increase the firm’s cost, which will cause the
firm’s profit to be lower than that not covered this policy. In
short, the more carbon quota the firm obtains, the more
likely it is to increase profits.

When the firm is not under the influence of the cap-and-
trade policy, by comparing the firm’s profits under each
product strategy, we can obtain Proposition 4.

Proposition 4. When the firm is not under the influence of
the cap-and-trade policy, the firm’s profit under the dual-
product strategy is greater than that under the low-carbon
product strategy, while the profit under the low-carbon
product strategy is greater than that under the ordinary
product strategy, i.e., mys* >N, >N "

Proposition 4 shows that the firm’s profit under the dual-
product strategy is greater than that under the low-carbon
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product strategy. This is because there are still some regular
consumers who have no preference for low-carbon products
in the market. When the firm adopts a low-carbon product
strategy, to gain more profit from consumers with a low-
carbon preference, the firm will increase the product price.
As a result, the regular consumer’s demand for the product
will be reduced, and the regular consumer’s price elasticity is
relatively large, so the profit from regular consumers will be
reduced. However, if the firm adopts a dual-product
strategy, the firm produces both ordinary and low-carbon
products at the same time, and the price of ordinary
products is lower than that of low-carbon products, so the
product demand from regular consumers will be increased.
Meanwhile, the firm can still keep the price of low-carbon
products high, so that the firm can maximize its profits from
both types of consumers. Therefore, the total profit under the
dual-product strategy will be higher than that under the low-
carbon product strategy.

In addition, Proposition 4 states that the firm’s profit
under a low-carbon product strategy is greater than that
under an ordinary product strategy. This is because there are
still some consumers with low-carbon preferences in the
market who give priority low-carbon products and are
willing to pay higher prices for them. However, under the
ordinary product strategy, the firm only produces ordinary
products, so their purchasing preference for low-carbon
products cannot be released. Once the firm adopts a low-
carbon product strategy, consumers’ preference for low-
carbon products will be transformed into demand for low-
carbon products, so that the demand for products will be
increased. Furthermore, to obtain more consumer surplus,
the firm will take the opportunity to raise the product price.
Although the firm has to pay some additional cost for
producing low-carbon products, the total profit will be
increased.

In the following, we will conduct a comparative analysis
of the firm’s optimal decisions and profits under the in-
fluence of the cap-and-trade policy. When the firm is
covered by a cap-and-trade policy, regardless of which
product strategy is adopted, the firm will first make decisions
on the prices of the products or the carbon emission re-
duction level of the product, which will accordingly influ-
ence the demand for the product and finally influence the
total profit. Therefore, we need to compare and analyze the
product prices, demands, and firm’s total profits under each
product strategy. By comparing the prices and demands
under the dual-product strategy and the ordinary product
strategy, we obtain Proposition 5.

Proposition 5. When the firm adopts the low-carbon
product strategy, compared with the ordinary product
strategy, we have the following:

(i) The firm can expand product demand by adopting the
low-carbon product strategy, i.e., D,* > D,*

(ii)) When the unit carbon price t is lower than the
threshold t,, the firm charges a higher price under the
low-carbon strategy than under the ordinary product
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strategy, i.e., p, * > p, *; otherwise, the opposite is
true

This is because consumers with low-carbon preferences
in the market have a higher valuation of the low-carbon
product, which enables them to obtain higher utility. If the
firm only produces the ordinary product, their low-carbon
preference cannot be converted into demand, and they have
to buy the ordinary product alongside the regular con-
sumers. Once the firm shifts to produce the low-carbon
product, their low-carbon preference will be converted into
demand for the low-carbon product, which will inevitably
lead to expanded product demand. Proposition 5 also shows
that the product price is related to parameter t. Intuitively,
the total cost of producing low-carbon products is higher
than that of producing ordinary products. Therefore, when
the firm adopts a low-carbon product strategy, the price of
low-carbon products should be increased to compensate for
the production cost. However, it should be pointed out that
the firm is under the influence of a cap-and-trade policy, and
when the firm adopts a low-carbon product strategy, the
product’s carbon emissions will be reduced. If the total
carbon emissions are lower than the quota allocated by the
government, the firm can sell the unused carbon allowance
in the market to obtain more profit. If the unit carbon price
in the market is low, the firm can earn less profit from selling
unused carbon allowances and cannot make up for the
increased cost of producing low-carbon products, and the
firm will have to raise the price of low-carbon products. In
contrast, if the unit carbon price is high, the profits obtained
from selling unused carbon quotas are more than the in-
creased cost of producing low-carbon products. To obtain
more consumer surplus, the firm will reduce the price of
low-carbon products. Comparing the prices and demands
under the dual-product strategy and the ordinary product
strategy, we obtain Proposition 6.

Proposition 6. When the firm adopts the dual-product
strategy, compared with the ordinary product strategy, we
have the following: (i) the price of the ordinary product re-
mains unchanged, ie., p,* = p,*; (ii) the demand for the
ordinary product is decreased, i.e., Dy* < D,*.

Proposition 6 shows that the ordinary product price is
equal to that under the ordinary strategy. Because there are
some regular consumers in the market, to extract more
surplus from them, the firm still produces some of the
ordinary products together with the low-carbon product and
charges the same price. It does so because if the firm raises
the price, their demand may be directly reduced. When the
demand elasticity is relatively large, the profit obtained from
regular consumers will decrease sharply. The precondition
for the firm to adopt the dual-product strategy is that the
ordinary product’s price is lower than that of the low-carbon
product; otherwise, regular consumers will not choose the
ordinary product. If the ordinary product’s price is raised
but remains lower than that of the low-carbon product,
regular consumers will have less demand for the ordinary
product, and those who do not buy the ordinary products

will not instead buy the low-carbon product but will be
directly lost. Proposition 6 also shows that the demand for
the ordinary product will be lower than that under the
ordinary product strategy. This is because when the firm
adopts the ordinary product strategy, in addition to regular
consumers, there are still some consumers with low-carbon
preferences. Once the firm adopts the dual-product strategy,
although the low-carbon product’s price is higher, con-
sumers with a low-carbon preference who previously pur-
chased the ordinary product will switch to the low-carbon
product, so the total demand for the ordinary product will
decrease. Comparing the prices and demands under the
dual-product strategy and the low-carbon strategy, we ob-
tain Proposition 7.

Proposition 7. When the firm adopts the dual-product
strategy, compared with the low-carbon strategy, we have the
following: (i) the price of low-carbon product is increased, i.e.,
pL* > py*; (i) the demand for the low-carbon product is
decreased, i.e., D;* < D,".

Proposition 7 shows that, under the dual-product
strategy, the price of the low-carbon product is increased
compared with that under the low-carbon strategy. This is
because when the firm adopts a dual-product strategy, to
ensure that both ordinary products and low-carbon prod-
ucts have demands in the market, that is, to ensure that
regular consumers who previously bought low-carbon
products should switch to ordinary products, the firm will
strategically increase the price of low-carbon products.
Proposition 7 also shows that, under the dual-product
strategy, compared with the low-carbon product strategy,
the demand for low-carbon products will decrease. This is
because, under the low-carbon product strategy, the firm
only produces low-carbon products, and both consumers
with low-carbon preferences and regular consumers have to
choose to purchase low-carbon products. When the firm
adopts a dual-product strategy, to ensure that both ordinary
products and low-carbon products have demand, the firm
will adjust the product prices to ensure that consumers with
low-carbon preferences choose to purchase low-carbon
products and regular consumers choose to purchase ordi-
nary products. In that case, some regular consumers who
used to buy low-carbon products will switch to ordinary
products, so the demand for low-carbon products will de-
crease. By comparing the carbon emission reduction level of
low-carbon products under the dual-product strategy and
the low-carbon strategy, we obtain Proposition 8.

Proposition 8. When the unit carbon price in market t is
higher than the threshold t,, the carbon emission reduction
level of the low-carbon product under the dual-product
strategy is higher than that under the low-carbon strategy, i.e.,
es * >e, *; otherwise, the opposite is true, i.e., e; * <e, *.

This is because if the unit carbon price in the trading
market is high, whether the firm’s actual total carbon
emissions are higher or lower than the quota allocated by the
government, the unit carbon price has a great impact on the
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profit of the firm. If the firm’s total carbon emissions are
higher than the carbon quota, the firm will have to buy the
required quota in the market, and the high carbon price will
greatly increase the cost of the firm. If the total carbon
emissions are below the quota, the firm will sell the unused
quota in the market, and the high carbon price will make the
firm more profitable. Recall that there are two main factors
that affect the total carbon emissions of the firm. One is the
production quantity of low-carbon products, and the other
is the carbon emission reduction level of low-carbon
products. Under the dual-product strategy, the demand for
low-carbon products is lower than that under the low-
carbon product strategy. In this case, to reduce total carbon
emissions, the firm will strive to improve the carbon
emission reduction level of low-carbon products. In con-
trast, if the unit carbon price is low, whether the total carbon
emission of the firm is higher or lower than the carbon quota
allocated by the government, the impact on the total profits
is relatively small. Although the demand for low-carbon
products under the dual-product strategy is lower than that
under the low-carbon product strategy, the firm has less
motivation to improve the carbon emission reduction level
of low-carbon products, so the carbon emission reduction
level of low-carbon products will be lower than that under
the low-carbon product strategy. We obtain Proposition 9 by
comparing the profits under the low-carbon product
strategy and the ordinary product strategy.

Proposition 9. The firm gains more profit by adopting the
low-carbon product strategy than by adopting the ordinary
product strategy, i.e., my* > "

This is because the firm can benefit in two ways. First, the
low-carbon product strategy helps the firm expand market
demand, as stated in Proposition 5. Second, the firm can
benefit from the cap-and-trade regulation. Although pro-
ducing a low-carbon product will incur some additional
cost, the firm can reduce carbon emissions in the production
process. When the total emissions are lower than the quota,
the unused allowances can be sold in the carbon market to
earn more profits. If the increased profit dominates the costs
of the low-carbon technology improvement, this approach
will eventually be beneficial for the firm. We obtain Prop-
osition 10 by comparing the profits under the dual-product
strategy and the ordinary product strategy.

Proposition 10. The firm gains more profit by adopting the
dual-product strategy than under the ordinary product
strategy, i.e., my* >m .

Compared with the ordinary product strategy, the de-
mand for the ordinary product is reduced, while the price
remains unchanged under the dual-product strategy, as
stated in Proposition 7, indicating that the profit from
producing the ordinary product is reduced. However, the
firm also produces the low-carbon product, and consumers
with low-carbon preferences are willing to pay a higher price
for it, meaning that the firm can earn more profit. Fur-
thermore, under the influence of the cap-and-trade policy,
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the firm can save expenditures on carbon emissions and even
make profits. When the added profit can offset or even
dominate the loss due to the reduced demand for the or-
dinary product and the additional cost of the technology
improvement, the firm’s overall profit will be increased. We
obtain Proposition 11 by comparing the profits under the
dual-product strategy and low-carbon product strategy.

Proposition 11. When the firm faces a choice regarding
whether to adopt the low-carbon product strategy or dual-
product strategy, there exists a threshold k,, and we have the
following: if the cost coefficient of low-carbon technology
improvement is higher than the threshold k, it is optimal for
the firm to adopt the low-carbon product strategy. i.e.,
75" <7,*; otherwise, it is optimal to adopt the dual-product
strategy, i.e., 3" >,

Proposition 11 states that the choice between the low-
carbon product strategy and the dual-product strategy de-
pends on the additional cost for low-carbon technology
improvement.

This is because when the additional cost for producing
low-carbon products is high, to compensate for the in-
creased cost, the firm will choose to produce more low-
carbon product. On the one hand, it can meet the needs of
consumers with low-carbon preference in the market and
earn more profits from them. On the other hand, only by
producing enough low-carbon products can the firm’s total
carbon emissions be reduced, so that the actual carbon
emissions are lower than the quota allocated by the gov-
ernment. Only in this way can the firm reduce the impact of
cap-and-trade policy on the firm and improve the possibility
of increasing profit. Moreover, we have previously proved
that the demand for low-carbon products under the low-
carbon product strategy is greater than that under the dual-
product strategy. Therefore, the firm will adopt a low-carbon
product strategy.

Conversely, if the additional cost for producing low-
carbon products is low, there is less pressure for the firm to
recover the cost. So, the firm will produce relatively less low-
carbon products. However, there are still some regular
consumers without low-carbon preferences in the market,
and the firm can also obtain some profit from them. Thus, in
order to better meet the needs of these regular consumers,
the firm will choose to produce some ordinary product
together with low-carbon product, so that the firm’s total
profit will be greater than that only producing low-carbon
product. Therefore, the firm will adopt a dual-product
strategy.

6. Numerical Example

This section provides numerical examples to illustrate the
above analytical results and gain managerial insights. Due to
the difficulty of acquiring accurate data from the firm, we
give only some estimated parameters. The parameter values
used in this section are as follows: a = 0.6, 7 = 0.4, k = 1, ¢,
=0.3, c=0.2, and Q = 0.8.
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FiGure 3: Comparison of firm profits covered and not covered by the cap-and-trade policy under three product strategies. (a) Ordinary
product strategy. (b) Low-carbon product strategy. (c) Dual-product strategy.
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FIGURE 4: Product demands under three product strategies.
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FIGURE 5: Product prices under three product strategies.

Figure 3 makes a comparative analysis of the firm’s
profits covered by the cap-and-trade policy and those not
covered by this policy and proves that Proposition 3 is
consistent with the results. Based on Figure 3, regardless of
whether the firm adopts the ordinary product strategy, low-
carbon product strategy, or dual-product strategy, the firm’s
profits under the influence cap-and-trade policy are different
from those not under the influence of this policy. If the firm
is under the influence of the cap-and-trade policy, its profits
will always rise with the increase in the quota allocated by the
government, so it can be seen that the quota has an im-
portant impact on the firm’s profits. Furthermore, under
each product strategy, there is always a threshold
(Q;,Q,, Q). When the quota allocated by the government
exceeds the threshold (Q,;,Q,, Q;), the firm’s profits covered
by the cap-and-trade policy will be higher than those not
covered by this policy; otherwise, they will be lower than
those not covered by the cap-and-trade policy.

Figure 4 compares the product demands of each product
strategy under the influence of the cap-and-trade policy in a
monopoly market. Figure 4 shows that the product demand
under the low-carbon product strategy is higher than that
under the ordinary product strategy, i.e., D, > D,. The de-
mand for ordinary products under the dual-product strategy
is lower than that of ordinary products under the ordinary
product strategy, i.e., D, < D;. The demand for low-carbon
products under the dual-product strategy is lower than that
under the low-carbon product strategy, i.e., D; < D,.

Figure 5 analyzes the product prices under each product
strategy. Based on Figure 5, it can be seen that, under the
dual-product strategies, the price of the low-carbon product
is higher than that of the low-carbon product under the
product strategy, i.e., p;*>p,*. In addition, there is a
threshold ¢, = 0.24. When f>¢, = 0.24, the price of the
product under the ordinary product strategy is higher than
that of the ordinary product under the low-carbon product
strategy, i.e., p; > p,. When t <t; = 0.24, the price of the
product under the ordinary product strategy is lower than
that of the ordinary product under the low-carbon product
strategy.
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FIGURE 7: The firm’s profits under three product strategies.

Figure 6 analyzes the carbon emission reduction level
of the low-carbon product of under the low-carbon
product strategy and dual-product strategy in a monopoly
market. Figure 6 shows that the values of e, * and e *
both increase with the increase of t, which means that the
carbon emission reduction level of low-carbon products
will continue to increase with the increase of unit carbon
price under either low-carbon product strategy or dual-
product strategy. In addition, there is also a threshold
t, = 0.02. When t>t, = 0.02, the value of e, * is greater
than the value of e; *, indicating that the carbon emission
reduction level of low-carbon products under the low-
carbon product strategy is higher than that under the
dual-product strategy. When t <t, = 0.02, the value of e, *
is greater than the value of e; %, indicating that the
emission reduction level of low-carbon products under
the low-carbon product strategy is lower than that under
the dual-product strategy.
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Figure 7 analyzes the relationship between the firm’s
total profits under each product strategy in a monopoly
market. Figure 7 shows that the values of 7,* and 7,* are
always greater than the value of 7,*, indicating that the
firm’s total profit under the low-carbon product strategy and
dual-product strategy is higher than that under the ordinary
product strategy. There is also a threshold k; = 0.55; if
k <k, = 0.55, the value of 77;* is greater than the value of 77, *,
indicating that the firm’s profit under the dual-product
strategy is higher than that under the low-carbon product
strategy; if k> k; = 0.55, the value of 7;* is lower than the
value of 7, %, indicating that the firm’s profit under the dual-
product strategy is lower than that under the low-carbon
product strategy. In addition, from Figure 7, we can also see
that the profits under the low-carbon product strategy and
dual-product strategy decrease with the increase of the
additional cost for producing a low-carbon product.
However, the profit under the ordinary product strategy is
not affected by the cost.

7. Discussion

As more and more countries implement policies to motivate
firms to take measures to reduce carbon emissions, many
firms are faced with the problem of how to change their
production strategies according to these policies, which has
become a concern of many scholars. At present, many
scholars have studied this issue and drawn some conclu-
sions. Du et al. [29] examined three factors that influence
firms to adopt low-carbon product strategy under cap-and-
trade regulation, which include the additional cost for
producing low-carbon products, consumers’ preference for
low-carbon products, and carbon trading price. They be-
lieved that the additional cost is the most important factor
that affects firms to produce low-carbon products. They
concluded that even if the additional cost involved in
producing low-carbon products is high, firms are likely to
adopt low-carbon product strategy if consumer preference
for low-carbon product is high enough. This is consistent
with the conclusion of our research. We also believe that the
additional cost is the most important factor preventing firms
from adopting a low-carbon product strategy or dual-
product strategy.

However, different from the conclusion of Du et al. [29],
we believe that the firm can gain more profits by adopting
low-carbon product strategy as long as certain demand for
low-carbon products can be guaranteed. In addition, we
provide the thresholds of additional cost that influence the
choice between low-carbon product strategy and dual-
product strategy. Du et al. [29] only considers that the firm
has two product strategies to choose, while our study
considers three product strategies. Du et al. [29] research
pointed out that higher carbon trading price can promote
the firm to adopt low-carbon product strategy, which we also
support. A similar conclusion can also be found in our
research. Because a higher carbon trading price can en-
courage the firm to improve the carbon emission reduction
level of product, which can better meet the needs of con-
sumers with low-carbon preference, they can pay a higher
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premium. The main similarity between our research and Du
et al. [29] research is that we both studied the influence of the
additional cost for producing low-carbon products on the
choice of low-carbon product strategy under cap-and-trade
regulation. The main difference is that we assume that the
firm has three product strategies to choose from, whereas Du
etal. [29] only considered two. Meng et al. [30] examined the
firm’s choice of low-carbon product strategy in competitive
markets under the influence of carbon tax policy. The
concluded that both the leader and follower in competitive
market tend to choose low-carbon product strategy when the
carbon tax rate is high, while we study the firm’s choice on
the low-carbon product strategy in a monopoly market
under the influence of cap-and-trade policy. We both believe
that government policies will encourage the firms to take
measures to reduce carbon emission. The difference is that
we studied the effects of cap-and-trade policy, while Meng
et al. [30] studied the effects of carbon tax policy. In the
research, Meng et al. [30] considered one type of consumers,
while we considered two types of consumers.

Our paper’s contributions mainly lie in the following
three aspects:

Firstly, in this paper, we consider the firm’s three
product strategies in the presence of cap-and-trade policy,
including two single product strategies and a dual-product
strategy, and establish the profit optimal model of the three
product strategies, while most of the previous literature only
considered two single product strategies but did not consider
the dual-product strategy. Secondly, our study compares the
change of the firm’s optimal product strategy before and
after the implementation of cap-and-trade policy. However,
most of the existing literature only studies the firm’s optimal
product strategy under government’s policy, without
studying the change of the firm’s optimal product strategy.
Thirdly, our study identifies two types of consumers based
on their preference for low-carbon product and studies the
impact of the proportion of consumers with low-carbon
preferences in the market on the firm’s decisions, while most
of the previous literature on firm’s product strategy selection
assumed that consumers have the same low-carbon
preference.

This article also has certain practical implication. Firstly,
our study provides a reference for the firm to choose pro-
duction strategy in management. Cap-and-trade policy is an
important factor in the external environment, the firm
cannot escape, but to confront. If properly handled, this
policy will not become the firm’s burden and may be a way to
gain competitive advantage. The policy places a constraint
on the firm’s carbon emissions but allows the firm to trade
the carbon quota, creating both challenges and opportu-
nities. Therefore, understanding the impact of this policy on
the firm’s decision-making is of positive significance to the
management. Secondly, our research can help the policy
makers understand the complexity of firms’ production
strategy selection. Under the influence of cap-and-trade
policy, the firm can not only choose two single product
strategies, but also adopt an intermediate dual-product
strategy. The trade-off on costs and benefits is the decisive
factor affecting whether the firm adopts low-carbon
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production strategy. Our research can help the policy
makers understand how the carbon quota and the carbon
trading price affect the firm’s decisions and profit. As can be
seen from our research, in addition to consumers’ preference
for low-carbon products, the proportion of consumers with
low-carbon preference in the market also has an important
impact on the firm’s decision-making and the carbon
emission reduction level of the product. Some current lit-
eratures show that improving consumers’ environmental
awareness and preference for low-carbon products can
prompt the firm to take measures to reduce carbon emis-
sions, and our study shows that increasing the proportion of
consumers with low-carbon preference in the market is also
meaningful. Proposition 3 states that when the firm is not
covered by cap-and-trade policy, it is optimal to adopt dual-
product strategy. When the firm is covered by this policy, the
optimal product strategy can be low-carbon product strategy
or dual-product strategies. This can help the policy makers
better understand how the firm’s change its optimal product
strategy. In brief, our research can help policy makers un-
derstand the complexity of the firm’s decision-making
mechanism under the influence of cap-and-trade policy, so
as to formulate reasonable and effective policies.

8. Conclusions

This paper mainly examines the firm’s selection on three
product strategies and the product’s optimal carbon emis-
sion reduction decision in the presence of cap-and-trade
policy. These three product strategies include ordinary
product strategy, low-carbon product strategy, and dual-
product strategy. In the study, we consider two types of
consumers: consumers with preference for low-carbon
product and without preference. We first establish an an-
alytical model of consumer utility and firm profits under
different product strategies and then solve for the optimal
solutions using a game theoretic approach. Finally, we
compare and analyze the optimal solutions under each
product strategy.

Our analysis revealed the following: before and after
the implementation of cap-and-trade policy, the firm’s
optimal product strategy is different. When the firm is not
covered by this policy, the firm’s optimal product strategy
is dual-product strategy, but when firm is covered by this
policy, the firm’s optimal product strategy may be dual-
product strategy or low-carbon product strategy; under
the influence of cap-and-trade policy, compared with
ordinary product strategy, it is beneficial for the firm to
adopt low-carbon product strategy or dual-product
strategy. Whether to choose low-carbon product strategy
or dual-product strategy depends on the additional cost
for producing low-carbon product; when the carbon
trading price is higher than a threshold, the carbon
emission reduction level of the product under the dual-
product strategy is higher than that under low-carbon
product strategy, while when the carbon trading price is
lower than the threshold, the opposite is true.

We also note a few limitations of our study and provide
potential extensions for future research. Firstly, we only
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examine the firm’s decisions in a monopoly market, but in
reality, the firm will always face competitors, and its com-
petitors will also affect the decisions on product strategy
selection and carbon emission reduction level of product.
Therefore, in future research, the situation where two or
more firms coexist in the market can be considered. Sec-
ondly, we assume that after the firm produces the products,
it sells them directly to the consumers. In reality, most firms
distribute their products to consumers through retailers,
while some firms sell their products through online channel,
and even through both online and offline channels. These
factors will also affect the firm’s decisions, which should be
incorporated into the firm’s decision-making mechanism.
Thirdly, we consider the impact of the firm’s decision on its
own profit, but not the impact on the overall welfare of the
society. In the future study, we can extend the research in
this aspect.

Appendix
A Proofs

Proof of Lemma 1. We can get that dr(p,,e,)/0p3 = -2,
on(p,,e,)leps = —2art — k and on(p,,e,)/0p,0e, = ar — k,
let H be a Hessian of , (p,, e,), noting that H,; <0 and by
the assumption we know that the Hessian is negative def-
inite. Hence, m, (p,,e,) is jointly concave in p, and e,, and
sets O (p,, e,)/0p, = 0 and 07 (p,,e,)/0e, = 0, then we can
solve them to obtain p,” and e, . By substituting them into
7, (p,»€,), we can obtain D, and 7, .

Proof of Lemma 2. The process of obtaining the optimal
solutions is similar to that in Lemma 1; thus, we omit it.

Proof of Proposition 1

(i) Calculate 0D,*/or, which equals k(eyt +c—1)/
a’r? + 2art +t* — 2k. From Assumption 3, we obtain
et +¢c—1<0 and a?r? +2art +t2 — 2k < 0; there-
fore, we have 0D,*/dr > 0.

(ii) Similarly, the authors have D; /or>0 and oD; /
or <0.

Proof of Proposition 2

(i) Calculate de,*/0r, which equals a(a’r? + 2art+ > +
2k) (egt + ¢ — 1)/ (a®r® + 2art + t*> —2k). Since we
have (a?r? + 2art + 2 - 2k)?> >0, a(a®r® + 2art+
2+ 2k)2 >0, and eyt + ¢ — 1 <0. Therefore, we have
Oe,*/or > 0.

(ii) Similarly, the authors have de;*/dr = -2 (et + ¢ —
1) (a + )k/ (a*r + 2art + rt* — 2k)* >0.

When the firm is not covered by the cap-and-trade
policy, the profit functions under the ordinary product
strategy, low-carbon product strategy and dual-product
strategy are 7y, = (pny —6)Dy1» 7Ny = (Pna =€) Do
1/2ke%;, and 3 = (Pno — €)Dyo + (Pnr — €)Dyp — 1/2€35.
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By calculating the optimal solutions of profit functions, the
authors obtain the firm’s profits under each product
strategy.

Proof of Proposition 3

(i) Calculate 7m;* — 7y, *, which equals 1/4t (ey2t + 2ce,
+4Q - 2ey).
Since ey2t + 2ce, + 4Q — 2¢, is a linear increasing
function in Q and the coefficient is positive.
Solve ey 2t + 2ce, + 4Q — 2e, = 0 and obtain Q; = 1/
2 (ey—eyt —cey). Therefore, the authors have
>y for Q>Q, and 7" <7y ¥, otherwise.

(ii) Similarly, we have m,* >my,* for Q>Q, and
7, <1my,", otherwise.

(iil) Similarly, we have ;3" >my;*
7" <7mys", otherwise.

for Q>Q; and

Proof of Proposition 4. Calculate my,* — 7y, *, which equals
~1/4(c - 1)*a*r*/a*r* - 2k . From Assumption 3, we obtain
¢ —1<0 and a?r? - 2k <0. Therefore, we have 7my,* > my,*.

Calculate 7y,* — 7y, *, which equals —1/4(c — 1)*a® r?/
(a*r — 2k) — (a*r* — 2k). From assumption, we obtain
c-1<0, a®r? — 2k <0 and a?r — 2k <0. Therefore, we have
TNg™ > TNy

Proof of Proposition 5

(i) Calculate D,* —D;*, which equals 1/2(a+ t)?
(egt +c— 1)/ (ar + t)? = 2k. From Assumption 3, we
obtain eyt +¢—1<0 and (ar + t)? — 2k < 0. There-
fore, we have D,* > D, *.

(ii) Calculate p,* — p;*, which equals 1/2(ar —t)
(ar —t)(egt +c— 1)/ (ar - t)? — 2k. Since The au-
thors have eyt +c—-1<0, (ar+ t)> =2k <0, and
ar +t>0, then ar —t is a linear increasing function
in t. Solve ar —t = 0 and obtain t, = ar; therefore,
the authors have p,* > p,* for t<t, and p, <p,*,
otherwise.

Proof of Proposition 6

(i) We have p* = 1/2(egt + c+ 1) and p;* = 1/2(e, t+
¢ + 1). Therefore, we have p,* = p,*.

(ii) Calculate Dy* — D,*, which equals 1/2r (et + ¢ —1).
By assumption, the authors obtain eyt +c— 1<0.
Therefore, the authors have D,* < D, *.

Proof of Proposition 7. Calculate p;* — p,*, which equals
—(r = 1)(a’r? + a’r’t* + a*rt* + art® — a’kr — kt*) (eyt +
c—1) /(a@®r + 2art + rt? — 2k) (a®r* + 2art + t* — 2k). From
assumption, we obtain eyt +c—1<0, a’r?+2art+ t>-
2k<0, a’r +2art +rt* —2k<0, and a’r? + a*r’t® + a’rt?
+art® — a2kr — kt? < 0; therefore, we have p,* > p,*.
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Calculate D;* — D,*, which equals k(eyt +c—1)(r—
1) (a®r? + a’r + 2art = 2k)/ (a®r + 2art + rt? = 2k)  (a’r*+
2art +t> - 2k). Since we have ejt+c-1<0, a*r’+
Dart + t2 = 2k <0, a?r + 2art + rt> =2k <0 and a*r? + a*r
+2art — 2k < 0; therefore, we have D;* < D,*.

Proof of Proposition 8. Calculate e;* —e,*, which equals
(r —1)(a’r? + a*r* + a’rt + art? = 2kt) (egt + ¢ — 1)/ (a’r+
2art + rt? — 2k) (a®r? + 2art + t* — 2k). By assumption, we
have a?r + 2art + rt? — 2k <0 and a?r? + 2art + t2 — 2k < 0;
then, we find that the denominator is positive. For the
nominator, we obtain eyt +c—1>0 and r-1<0. Let
N = a’r? + a*r* + a*rt + art> - 2kt, which is quadratic
function in t, and the coeflicient of ar is positive. Let N = 0
and solve for t to obtain one real solution t,. Therefore, we
have e;* >e,” for t >t, and e;* <e,”, otherwise.

Proof of Proposition 9. Calculate 7,* —,*, which equals
—-1/4(eot +c — 1% (a +t)*/ (ar +t)* - 2k. By assumption,
we obtain (ar +1)* - 2k<0. Then, we can conclude
mt >t

Proof of Proposition 10. We can calculate 773* — m,*, which
equals —1/4r*(eyt +c — D*(a+1t)* (a+1)* -2k By as-
sumption, we obtain r(a + t)? — 2k < 0. Then, we can con-
clude 5" > 7, ™.

Proof of Proposition 11. We can calculate 773* — ,*, which
equals 1/4(eyt +c — D*(1 =7)[(a+t)?(ar + t)*r =2kt (2ar
+ rt +t)]/ (a*r + 2art + rt* — 2k) (a*r* + 2art +t* - 2k). By
assumption, we have ar + 2art+rt> —2k<0 and a’r’+
Dart + 2 — 2k <0, then we find that the denominator is
positive. For the nominator, we obtain (eyt + ¢ — 1)* >0 and
1-7r>0. Let M= (a+t)*(ar+1t)* r—2ktQar +rt +1),
which is a decreasing function in k, and the coeflicient is
negative. Let M = 0 and solve for k to obtain one real so-
lution k; = (a + )2 (ar + t)*/2t (2art+ rt + t). Therefore, we
have 73" > m,* for k>k, and m;* <m,* otherwise.

B. Proof of Satisfied Condition in Lemma 2

From Lemma 2, the authors know p;* =r(a+1t)(aeyt +
ac +t) —k(egt + ¢+ 1)/r(a+1t)* =2k py* = 1/2(est+ c+ 1),
es*=r(a+t)(et+c—1)/r(a+ t)? — 2k. First, the authors
compare the value of p;* with the value of p,*+ ae. By
calculating, the authors get p, +ae; — p, = 1/2r (a+1)*
(et +c—1)/r(a+ t)? — 2k. From Assumption 3, the au-
thors can obtain eyt +c—1<0 and r(a+ £)? =2k <0 (see
the details in Appendix A). Then, the authors can prove p, +
ae; > p;. Similarly, the authors can prove p;—p, =
12r(a+t)*(a+1t)(egt +c—1)/ r(a+t)*>—2k>0. There-
fore, the values of p,* and p;* in Lemma 2 satisfy the re-
lation p, < p; < p, + ae;.
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