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Since the tax of carbon emission is popular and consumers are exhibiting low-carbon preference, the green manufactures have to
spend more extra cost on investing carbon emission reduction (CER) technology to decrease the carbon emission. To encourage
the manufacture’s CER investment efforts, this paper explores the impact of carbon tax, CER cost, and consumers’ low-carbon
preference on low-carbon decision-making and designs a revenue-sharing contract (RS) by constructing Stackelberg models.
Based on the theoretical and numerical analysis, this paper finds that the supply chain would benefit from the increment of
consumer’s environmental awareness but be depressed by the increase of the CER investment cost factor. Additionally, there exists
a unique optimal carbon tax to make CER degree the maximum. Furthermore, RS can effectively promote manufacturers to
reduce carbon emissions and also improve the supply chain efficiency.

1. Introduction

With the rapid development of the economy, global carbon
dioxide emission has sharply increased in the past few de-
cades, which significantly resulted in serious climate and
global warming [1]. It is an urgent task to reduce carbon
emissions to allay global warming. And this task has drawn
high attention from all social members. Governments
around the world have promulgated and implemented
relevant carbon policies to reduce carbon emissions in
practice, such as carbon tax, cap and trade, and low-carbon
offset. Among these policies, carbon tax is considered an
effective environmental policy in China. In addition, more
and more consumers are exhibiting low-carbon preference,
that is, consumers are willing to pay higher prices for the
same function but more green products [2, 3]. To comply
with governments’ regulatory schemes and meet the need of
low-carbon preference customers, many manufacturers
begin to employ the CER investment and adjust their

existing production mode to produce low-carbon products.
However, the manufacturer must take extra cost to employ
the CER investment. 0e high cost of the CER investment
brings the challenge to the manufacturer. Whether the in-
creased revenue with the CER investment can balance or
compensate for the additional cost is the focus of attention
for the manufacturers. 0erefore, it is important that gov-
ernment’s carbon tax, customers’ low-carbon preference,
and CER investment cost should be considered by the
manufacturer in making strategic decisions. Moreover, it is
necessary to create an incentive mechanism to urge man-
ufactures to explore CER technology investment.

0e extant findings have shown that coordination
contracts or carbon tax as the mechanism are used to
compensate and counterbalance the CER cost, resulting in
motiving the manufacture to employ CER investments
[4, 5]. However, little consideration has been given to the
effects of low-carbon preference, CER cost factor, and
carbon tax simultaneously on the design of coordination
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contracts. In this context, from the perspective of encour-
aging manufacturers to reduce carbon emissions, this study
tries to address the following questions: (1) how do the
manufacturer and the retailer make decisions considering
the carbon tax, customers’ low-carbon preference, and CER
cost factor simultaneously? (2) How to set appropriate
carbon tax that encourages the manufacturer reduce carbon
emissions? (3) How to design a suitable coordinate contract
to improve CER degree and enhance supply chain efficiency?

To answer the above questions, this paper considers a
low-carbon supply chain, where the manufacturer makes
CER investment to produce low-carbon products and sell
them through a single retailer. In modeling and analysis, this
paper finds the equilibrium strategies of the supply chain
under centralized and decentralized decision-making and
discusses the impacts of low-carbon awareness, CER cost
factor, and carbon tax on the supply chain in detail. Fur-
thermore, a revenue-sharing contract (RS) is adopted to
stimulate the manufacturer to improve CER degree and
coordinate the supply chain. 0e results indicate that the
supply chain is better off exhibiting low-carbon preference
and will suffer a loss from the increase CER cost factor when
the carbon tax is low. Moreover, the paper finds that there
exists a unique optimal carbon tax to make CER degree the
maximum. And RS can encourage the manufacturer’s CER
investments but fails to coordinate the supply chain, and the
manufacturer and the retailer prefer to implement RS when
the RS coefficient is in a certain threshold. 0is research
makes three contributions to the literature. First, this paper
integrates consumers’ low-carbon awareness, CER cost
factor, and carbon tax into supply chain models and explores
how these factors affect the CER degree and firms’ profit.
Second, this paper finds that the government should impose
different optimal carbon taxes to inspire the manufacturer to
make the best efforts on CER investments in different
scenarios. Finally, this paper designs RS to incentive the
manufacture to improve CER degree and also enhance the
supply chain efficiency.

0e remainder of this paper is organized as follows.
Section 2 briefly reviews the closely related literature studies.
Section 3 describes model notations, assumptions, and
formulations. 0e game models are established to obtain the
equilibrium solutions in Section 4. A numerical example is
conducted to compare the optimal strategies in Section 5.
Section 6 provides concluding remarks. In addition, all
proofs are provided in Appendix.

2. Literature Review

With the transition to the sustainable supply chain, there is a
growing interest in the decision-making problems and the
design of coordination/incentive contracts. Research on
low-carbon supply chain decisions mainly focuses on price
[6–8], low-carbon products’ quantity [9, 10], manufactur-
ing/remanufacturing [11], etc. Low-carbon supply chain
coordination has been studied by different mechanisms
including RS [12, 13], BB (buyback contract) [14], and CS
(cost-sharing contract) [15, 16]. A brief review of the pre-
vious studies that are related to this paper is conducted with

regard to low-carbon decision-making of the supply chain
and RS design with CER cost and consumers’ low-carbon
preference and carbon tax. Table 1 compares the research
scope of this paper with that of typical studies on CER.

2.1. Low-Carbon Decision-Making of the Supply Chain.
Environmental issues are new hotspots in supply chain
research. Currently, low-carbon decision-making of the
supply chain is mainly studied from three factors: low-
carbon preference, CER cost factor, and carbon tax.

In the view of carbon tax, Mishra et al. [17] developed a
carbon cap and tax-regulated sustainable inventory man-
agement model. Chen and Hu [18] used the evolutionary
game theory to examine the behavioral strategies of the
manufacturers in response to carbon tax. Despite attracting
much attention from the academia, the specific quantity or
the decision of the optimal carbon tax is still not discussed
totally. 0is paper discusses the optimal carbon tax in dif-
ferent scenarios to encourage the manufacturer to reduce
carbon emission. In the view of CER cost, Li et al. [12]
examined the impact of the CER cost factor and carbon tax
on price and CER decisions. In the view of consumers’ low-
carbon preference, Wang et al. [19] developed game models
for studying CER considering low-carbon preference in the
retailer-dominant and power-balanced cases. Wu et al. [20]
proposed a low-carbon decision-making model of online
shopping supply chain by considering the low-carbon
awareness of online shoppers. Liang and Futou [21] in-
vestigated the impact of the low-carbon preference on the
optimal joint carbon reduction strategy. Wang et al. [22]
found that the CER and the channel profit increase with the
increase in the consumers’ low-carbon preference in the
dual-channel supply chain. Assuming that consumers
maintain a low-carbon preference and considering CER cost
and carbon tax, this paper investigates the impact of these
three factors on the optimal CER and price strategy and
designs RS to encourage the manufacturer to reduce carbon
emission.

2.2. Revenue-Sharing Contract. Li et al. [7] investigated the
impact of the RS contract offered by a retailer on CER. Yu
et al. [23] deduced equilibrium emission reduction and
pricing strategies in RS considering reference emission and
cost learning effects. Yang and Chen [5] studied the impact
of RS offered by a retailer on manufacturer’s CER effort
considering consumers’ low-carbon preference and carbon
tax simultaneously. Liu et al. [24] examined the effects of RS
on product greenness and pricing strategies under different
power structures. 0e above studies have proven that the
improvement of greenness of the supply chain is strongly
linked to the RS contract among supply chain members.

2.3. Implication Referred. Based on the extant literature
studies, many authors analyzed the impact of various factors
on the low-carbon operation decision-making of enterprises.
However, the aforementioned research studies have
incomprehensively considered the impact of CER cost
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factor, carbon tax, and consumers’ low-carbon awareness on
the low-carbon decisions and RS. Our paper aims to fill the
gap by introducing CER cost factor, consumers’ low-carbon
preference, and carbon tax into the analytical framework.
0us, the incentive effect of carbon tax and RS can be studied
more accurately and realistically. 0e conclusion will help
the firms make decisions and design incentive contract in a
low-carbon supply chain, as well as provide insights for the
government to formulate the optimal carbon tax policy.

3. Model Description

3.1. Notations. 0is paper focuses on a low-carbon supply
chain comprising one manufacturer and one retailer where
consumers are exhibiting low-carbon preference. 0e
manufacturer produces low-carbon products and sells them
to the retailer in the wholesale price. 0e manufacturer is
dominant in the supply chain, who decides the CER degree
and the wholesale price. 0e retailer decides the retail price
and sells to consumers. 0e government imposes carbon tax
on carbon emission. Due to the need of the research
problem, the following variables and parameters are defined
in Table 2.

3.2. Assumptions. For the purposes of discussion and
without loss of generality, this paper makes the following
basic assumptions.

Assumption 1. It is assumed the demand function is linearly
decreasing in selling price and increasing in CER degree
[25], that is, the market demand function is described as
follows: D � a − p + β(e1 − e0) � a − p + βe.

Assumption 2. 0e manufacturer takes extra cost to invest
CER technologies. It is common knowledge that the man-
ufacturer makes initial changes in products and processes
easily while the subsequent improvement being more dif-
ficult [7]. 0us, CER cost function is described as follows:
ce � (ηe2 /2), which means CER cost is a quadratic function
of CER degree e, which is commonly employed in related
works [26].

Assumption 3. 0e manufacturer must pay the carbon tax
for carbon emission in the production process. Every unit
carbon emission should pay t carbon tax. 0erefore, the

manufacturer will pay carbon tax te1 for each low-carbon
product.

Assumption 4. In order to ensure all decision variables and
profits are positive, we assume a − c − te0 > 0, t< β, and
(β + t)2 < 2η throughout the paper.

3.3. Basic Model. Using the aforementioned notations and
assumptions, this paper models the profits of the manu-
facturer, the retailer, and the total supply chain as follows.
0e manufacturer’s profit (πm) includes the sales revenue,
production cost, CER investment cost, and carbon tax. 0e
retailer’s profit (πr) consists of sales revenue and wholesale
cost. 0e total profit (πsc) for the whole supply chain is the
sum of both firms’ profit. Note that
D � a − p + β(e0 − e1) � a − p + βe. So, we can get the
profits (πm, πr) of the manufacturer and the retailer. Hence,
we formulate πm, πr, and πsc individually:

πm � w − c − te1 D − ce � w − c − te1 (a − p + βe) −
1
2
ηe

2

πr � (p − w)(a − p + βe)

πsc � πm + πr.

(1)

4. The Models and Results

4.1. Centralized Supply Chain. As a benchmark, the man-
ufacturer and the retailer jointly determine the CER degree
ec and the retail price pc in a centralized supply chain. 0is
paper obtains the profit function of the centralized supply
chain πc

sc as follows. 0e superscript c is used to denote the
centralized scenario.

πc
sc � p − c − t e0 − e(  (a − p + βe) −

ηe
2

2
. (2)

Proposition 1. In a centralized supply chain, the optimal
CER degree is (ec∗), the retail price is (pc∗), and the max-
imum supply chain profit is (πc∗

sc ):

Table 1: Authors’ contribution.

Authors CER cost Carbon tax Consumers’ low-carbon preference Coordination/incentive contract
Mishra et al. [17] ✓
Chen and Hu [18] ✓
Wang et al. [19] ✓
Yang and Chen [5] ✓ ✓ ✓
Li et al. [12] ✓ ✓ ✓
0is paper ✓ ✓ ✓ ✓
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e
c∗

�
a − c − te0( (β + t)

2η − (β + t)
2

 
,

p
c∗

�
a + c + te0( (η − βt) − β2c − β2te0 − t

2α 

2η − (β + t)
2

 
,

πc∗
sc �

− η c − α + e0t( 
2

2 β2 + 2βt + t
2

− 2η 
.

(3)

Proof. See Appendix.

Lemma 1. In a centralized supply chain,

(1) (zec∗/zη)< 0, (zpc∗/zη)< 0, and (zπc∗
sc /zη)< 0

(2) (zec∗/zβ)> 0, (zpc∗/zβ)> 0, and (zπc∗
sc /zβ)> 0

(3) If 0< t< tc∗, then (zec∗/zt)> 0; if tc∗ < t,

then (ec∗/zt)< 0

Proof. See Appendix.
Lemma 1 demonstrates that the optimal CER degree ec∗,

the optimal retail price pc∗, and the maximum supply chain
profit πc∗

sc are decreasing in the CER cost factor η and are
increasing in the consumers’ low-carbon preference β.

Lemma 1 also states that there is an optimal carbon tax
tc∗ in the centralized supply chain, which makes the CER
degree the maximum.

4.2. Decentralized Supply Chain. In a decentralized supply
chain, the relationship between the manufacturer and the
retailer is modeled as a Stackelberg game, where the man-
ufacturer is the leader and the retailer is the follower. In the
first stage, the manufacturer decides the CER degree ed and
the wholesale price wd. In the second stage, the retailer sets

the retail price pd based on the manufacturer’s decisions.
0e profit functions of the manufacturer and the retailer are
formulated as follows. 0e backward induction is utilized to
solve this model for obtaining the optimum solution. 0e
superscript d is used to denote the decentralized scenario.

πd
m � w − c − t e0 − e(  (a − p + βe) −

1
2
ηe

2
, (4)

πd
r � (p − w)(a − p + βe). (5)

Proposition 2. In the decentralized supply chain, the optimal
retail price is (pd∗), the optimal wholesale price is (wd∗), the
optimal CER degree is (ed∗), and the maximum profit of the
manufacturer, the retailer, and the supply chain is
(πd∗

m , πd∗
r , πd∗

sc ).

e
d∗

�
a − c − te0( (β + t)

4η − (β + t)
2

w
d∗

�
β2c − 2cη − 2aη + at

2
+ aβt + βct − 2e0ηt + βe0t

2
+ β2e0t

β2 + 2βt + t
2

− 4η
,

p
d∗

�
β2c − cη − 3aη + at

2
+ aβt + βct − e0ηt + βe0t

2
+ β2e0t

β2 + 2β + t
2

− 4η
,

πd∗
m �

− η c − a + e0t( 
2

2 − 4η + 2βt + β2 + t
2

 
,

πd∗
r �

η2 c − a + e0t( 
2

− 4η + 2βt + β2 + t
2

 
2,

πd∗
sc �

− η c − a + e0t( 
2 β2 + 2βt + t

2
− 6η 

2 − 4η + 2βt + β2 + t
2

 
2 .

(6)

Table 2: Notation and parameters.

Notation Interpretation
Decision variables
w Wholesale price
p Retail price
e Carbon emission reduction degree

e � e1 − e0

Parameters
e1 0e carbon emission of unit low-carbon product after the manufacturer’s CER efforts
e0 0e initial carbon emission of unit traditional product
D Market demand
a 0e base market potential
β Consumers’ low-carbon preference coefficient
t A carbon tax for each unit emission
η CER cost factor
ce CER cost
c Unit manufacturing cost
φ RS coefficient/share of retailer’s revenue with the manufacturer, 0<φ< 1
πsc 0e whole supply chain profit
πm 0e manufacturer’s profit
πr 0e retailer’s profit
E 0e supply chain efficiency
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Proof. See Appendix.

Lemma 2. In the decentralized supply chain,

(1) (zed∗/zη)< 0, (zpd∗/zη)< 0, and (zπd∗
sc /zη)< 0

(2) (zed∗/zβ)> 0, (zpd∗/zβ)> 0, and (zπd∗
sc /zβ)> 0

(3) If 0< t< td∗, then (zed∗/zt)> 0; if td∗ < t, then
(ed∗/zt)< 0

Proof. See Appendix.
Lemma 2 demonstrates that the CER degree ed∗, the

retail price pd∗, and the supply chain profit πd∗
sc will increase

as the CER cost factor η decreases. Moreover, the CER
degree ed∗, the retail price pd∗, and the supply chain profit
πd∗

sc will increase as the consumers’ low-carbon preference β
increases.

Lemma 2 also states that there is an optimal carbon tax
td∗ which makes the CER degree the maximum.

According to the calculation and analysis in the above
section, we compare the equilibrium outcomes in the cen-
tralized and the decentralized supply chain, which are shown
in 0eorem 1.

Theorem 1. (i) ed∗ < ec∗ and πd∗
sc < πc∗

sc

(ii) If η< tβ + β2, pc∗ >pd∗; if η> tβ + β2, pc∗ <pd∗; if
η � tβ + β2, pc∗ � pd∗

Proof. See Appendix.
0eorem 1 shows that the optimal CER degree and the

maximum channel profit in the centralized supply chain are

both higher than those in the decentralized supply chain.
0is phenomenon is called “double marginal effect.” 0e
following sections design the RS contract to eliminate the
double marginal effect.

4.3. Revenue-Sharing Contract for the Decentralized Supply
Chain. In this section, we propose the RS contract in which
the manufacturer offers the retailer a lower wholesale price,
and the retailer shares revenue with the manufacturer with a
fraction φ(0<φ≤ 1).

0e timeline is as follows. Firstly, the manufacturer
makes CER efforts to reduce the emission of the products,
which yields the CER degree ers and the wholesale price wrs.
Secondly, the retailer decides his selling price prs. 0e profit
functions of the manufacturer and the retailer are as follows.
0ey are solvable by using backward induction. 0e su-
perscript rs is used to denote the RS scenario.

πrs
m � w − c − t e0 − e(  + 1 − φp (a − p + βe) −

1
2
ηe

2

πrs
r � (φp − w)(a − p + βe).

(7)

Proposition 3. Under the RS contract, the optimal CER
degree is (ers∗), the optimal wholesale price is (wrs∗), the op-
timal retail price is (prs∗), and the maximum profit of the
manufacturer and the retailer is (πrs∗

m , πrs∗
r ):

e
rs∗

�
(β + t) a − c − te0( 

2η(1 + φ) − (β + t)
2,

w
rs∗

�
φ β2c − 2cη + at

2
+ aβt + βct − 2aηφ − 2e0ηt + βe0t

2
+ β2e0t 

β2 + 2tβ + t
2

− 2η − 2ηφ
,

p
rs∗

�
β2c − cη − aη + at

2
+ aβt + βct − 2aηφ − e0ηt + βe0t

2
+ β2e0t

β2 + 2tβ + t
2

− 2φη − 2η
,

πrs∗
m �

− η c − a + e0t( 
2

2 β2 + 2βt + t
2

− 2η − 2ηφ 
.

πrs∗
r �

η2φ c − a + e0t( 
2

− 2η + 2βt − 2ηφ + β2 + t
2

 
2,

(8)

;e proof is similar to that of Proposition 2 and is hence
omitted here for brevity.

Lemma 3. Under RS,

(1) (zers∗/zη)< 0, (zprs∗/zη)< 0, and (zπrs∗
sc /zη)< 0

(2) (zers∗/zβ)> 0, (zπrs∗
sc /zβ)> 0, and (zprs∗/zβ)> 0

(3) If 0< t< trs∗, then (zers∗/zt)> 0; if trs∗ < t, then
(zers∗/zt)< 0
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Lemma 3 demonstrates that the CER degree ers∗, the retail
price prs∗, and the supply chain profit πrs∗

sc will increase as the
CER cost factor η decreases. Moreover, the CER degree ers∗,
the retail price prs∗, and the supply chain profit πrs∗

sc will
increase as the consumers’ low-carbon preference β increases.

Lemma 3 also states that there is an optimal carbon tax
trs∗ which makes the CER degree the maximum.

The proof is similar to that of Lemma 2 and is hence
omitted here for brevity.

Theorem 2. Under the RS contract, ers
m > ed

m; if
([2η − (t + β)4]2/4η2)<φ< 1, then πd∗

m < πrs∗
m and

πd∗
r < πrs∗

r .

Proof. See Appendix.
0eorem 2 shows that RS improves the profit of the

manufacturer and the retailer in the decentralized supply
chain when the RS coefficient φ is in a certain threshold, that
is, the manufacturer and the retailer are willing to implement
the RS contract if and only if the RS coefficient satisfies
([2η − (t + β)4]2/4η2)<φ< 1.

5. Numerical Analysis

From the aforementioned explanations, we are unable to
obtain closed-form conditions for profit comparison con-
sidering various factors. So, we conduct a set of numerical
experiments to study the factors how various factors, such as
the CER cost factor η, the government’s carbon tax t, and the
consumers’ low-carbon preference β influence the manu-
facturer’s CER decision, the retailer’s profit, and the man-
ufacturer’s profit under RS. 0e parameters in this section
were assumed from a previously published paper [5]; the
parameter values are a � 20, c � 4, β � 1.2, e0 � 10, t � 0.2,

η � 6, andφ � 0.6. And the proposed model was solved by
using MATLAB software. See Figures 1–6 for the decision
variables with optimum values according to the parameter
values.

5.1. Effect of ηon theEquilibriumOutcomes. Now, we explore
how the CER cost factor η influences the CER degree.
Figure 1 shows that the CER degree is the greatest in the
centralized system, medium under RS, and the lowest in the
decentralized system. Moreover, when the CER cost factor
decreases, the CRE degree increases at different rates, and
the gap of the CER degree among these three scenarios
would widen further. 0is suggests that the benefits of
vertical integration increase rapidly with lower CER cost
factor. And it means that RS produces a better effect to
motivate the manufacturer’s CER efforts with less CER cost
factor.

Figure 2 illustrates that the manufacturer’s and the re-
tailer’s profit increase with the decrease in the CER cost
factor because a higher CER cost would increase the
manufacturer’s marginal cost. 0e manufacturer sets a
higher wholesale price, and the retailer sets a higher retail
price gradually. Consequently, the demand decreases, and

the marginal profit becomes lower. 0us, the total optimal
profit decreases due to a higher CER cost factor.

5.2. Effect of t on theEquilibriumOutcomes. Now, we explore
how the carbon tax taffects the CER degree and supply chain
members’ profit. It can be seen from Figure 3 that the CER
degree initially increases and then decreases with the carbon
tax t. It also says that there exists an optimal carbon tax for
the government to spur the manufacturer to exert his best
effort to curb carbon emission. 0e government should
impose the highest carbon tax in the centralized system,
medium under RS, and the lowest in the decentralized
system.

5.3.Effect of βon theEquilibriumOutcomes. Now, we explore
how the customers’ low-carbon preference β affects the retail
price. Figure 4 shows that the retailer should set the highest
retail price in the decentralized system, medium under RS,
and the lowest in the centralized system when β is lower than
the threshold. An intuitive explanation for this finding is that
when β is small, customers are far less likely to pay for low-
carbon products; thus, it is similar to the traditional supply
chain situation. 0e manufacturer would set a lowest
wholesale price in the centralized system, medium under RS,
and the highest in the decentralized system, which yields his
maximum profit. So, the retailer should set higher selling
price to sustain his maximum profit compared to the cen-
tralized system. When β goes beyond the certain threshold
value, customers prefer to pay for low-carbon products. 0e
retailer should set a highest retail price in the centralized
system, medium under RS, and the lowest in the decen-
tralized system. 0e reason is that when customers’ low-
carbon preference is high, the positive influence on con-
sumers’ purchase decision-making would be obvious. More
customers are willing to pay premiums for low-carbon
products. 0us, the product’s marginal profit becomes
higher. 0e retailer should raise the selling price to improve
the profit.

Figure 5 illustrates that the manufacturer’s and the re-
tailer’s profit increase with the increase in the customers’
low-carbon preference. A higher customers’ low-carbon
preference increases the customers’ willingness to pay for
low-carbon products, which makes the demand to increase
and improves the manufacturer’s and the retailer’s profit
accordingly.

5.4. Effect of RS on the Equilibrium Outcomes. Now, we
explore how RS affects the supply chain efficiency E. 0e
optimal supply chain efficiency in the decentralized case
(Ed∗ � (πd∗

sc /π
c∗
sc )) and under RS (Ers∗ � (πrs∗

sc /πc∗
sc )) is de-

scribed in Figure 6.
Figure 6 shows that the supply chain efficiency under RS

is higher than that in the decentralized supply chain. 0e
supply chain efficiency in the RS and decentralized scenario
decreases with β and t but increases with η. 0is can be
explained as follows. On the one hand, for given η, the rise of
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the product’s marginal profit enlarges as β and t increase;
thus, the manufacturer exerts more effort in CER, which
intensifies double marginalization and thus worsens the
channel efficiency. On the other hand, for given β and t, the

expansion of the product’s marginal profit diminishes when
η escalates; then, the manufacturer makes less effort in CER,
which counteracts double marginalization and eventually
improves the supply chain efficiency.

ed∗

ec∗
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η
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Figure 1: Effect of η on the CER degree.
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Figure 3: Effect of t on the manufacturer and retailer’s profit.
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Figure 2: Effect of η on the manufacturer and retailer’s profit.
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Figure 4: Effect of β on the retail price.
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Figure 5: Effect of β on the manufacturer and retailer’s profit.
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Figure 6: Impact of RS on the supply chain efficiency.
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6. Managerial Implication

0is paper demonstrates some key and deliberate insights
for managers and policy makers who need to consider the
manufacturer’s CER cost factor, the government’s carbon
tax, and consumers’ low-carbon preference. 0e managerial
implication for managers and policy makers can be obtained
as follows:

(1) With the decrease in the CER cost factor, the CER
degree and the supply chain members’ profits will
increase. 0erefore, the manufacturer should improve
the CER degree with the decrease in the CER cost
factor. Moreover, the manufacturer should set the
highest CER degree in the centralized, medium under
RS, and the lowest in the decentralized supply chain.

(2) As consumers’ low-carbon preference increases, the
retail price and the supply chain members’ profits
increase significantly. 0erefore, the retailer should
improve the retail price with the increase in the
consumers’ low-carbon preference. Moreover, the
retailer should set the highest selling price in the
decentralized, medium under RS, and the lowest in
the centralized supply chain when β is below a
certain threshold, and the retailer should set the
highest selling price in the centralized, medium
under RS, and the lowest in the decentralized supply
chain when β is below a certain threshold.

(3) Carbon tax has a certain incentive effect on the
manufacturer’s CER degree. 0e government should
impose different carbon taxes in different scenarios,
i.e., the highest carbon tax in the centralized supply
chain, medium under RS, and the lowest in the
decentralized supply chain. Based on the optimal
carbon tax imposed by the government, the incentive
mechanism can stimulate the manufacturer to in-
crease their efforts towards CER investment for
environmental and economic benefits.

(4) RS cannot perfectly coordinate the supply chain but
can improve the supply chain efficiency and en-
courage the manufacturer to increase CER
investment.

7. Conclusion

In this study, some factors are taken into consideration such as
the manufacturer’s CER cost factor, the government’s carbon
tax, and consumers’ low-carbon preference to establish profit
models of the low-carbon supply chain. Stackelberg game
models are developed to address the centralized, decentralized,
and RS scenarios between the manufacturer and the retailer.
0e models determine the optimal CER degree and price
decisions, as well as the carbon tax imposed by the government.
0is paper finds that the supply chain would benefit from the
increment of consumer’s environmental awareness but be
depressed by the increase of CER cost. Additionally, there exists
a unique optimal carbon tax to improve CER degree in dif-
ferent scenarios. Furthermore, this paper finds that RS is ef-
fective to inspire the manufacture to exert the best efforts to

improve CER degree. Moreover, RS is a feasible incentive tool
to the manufacturer and retailer when the RS coefficient is in a
certain threshold value.

0ere are some limitations on this paper.0e assumption is
that themanufacturer is in the dominant position in the supply
chain. And this paper adopts simulated data to verify the
proposed model. A case study utilizing real industrial data is
not inserted in thismodel. So, retailer-dominant or/and power-
balanced scenarios should be discussed in the future. And a
case study utilizing real industrial data should be extended.
0ese extensions will help us come to a better understanding
on the low-carbon supply chain operation in the future [27, 28].

Appendix

Proof of Proposition 1. 0e Hessian matrix of πc∗
sc

H1 �
(z

2πm/ze
2
) (z

2πm/ze zp)

(z
2πm/zp ze) (z

2πm/zp
2
)

  �
− 2 β − t

β − t 2βt − η ,

which is negatively definite if |H1| � 2η − (β + t)2 > 0. πC
sc is a

strictly joint convex function of eand p, and there is an
optimal solution.

Solving the first-order conditions (zπc
sc/ze) � 0 and

(zπc
sc/zp) � 0 for (p, e), we obtain the optimal CER degree ec∗

and retail price pc∗, respectively, in Proposition 1. To ensure
ec∗ > 0, we assume that a − c − te0 > 0 throughout this paper.

Substituting ec∗ and pc∗ into (1), we obtain the maximum
supply chain’s profit πc∗

sc in Proposition 1. To ensure the profit
is positive, we assume that (β + t)2 < 2η throughout the
paper.

Proof of Lemma 1.
(1)

(i) Taking the first derivative of ec∗ with respect toη,
we obtain

ze
c∗

zη
�

− 2(β + t) a − c − te0( 

2η − (β + t)
2

 
2 ; if a − c − te0

> 0, then
ze

c∗

zη
< 0.

(A.1)
(ii) Taking the first derivative of pc∗ with respect to

η, we obtain

zp
c∗

zη
�

a − c − te0(  t
2

− β2 

2η − (β + t)
2

 
2 ; if a − c − te0

> 0 and t< β, then
zp

c∗

zη
< 0.

(A.2)

(iii) Similarly, (zπc∗
sc /zη) � (2η(β + t) (c − a + e0t)

2

/2[(β + t)2 − 2η]2)< 0.

(2)

(i) Taking the first derivative of ec∗ with respect to
β, we obtain
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ze
c∗

zβ
�

2η +(β + t)
2

  a − c − te0( 

2η − (β + t)
2

 
2 ; if a − c − te0

> 0, then
ze

c∗

zβ
> 0.

(A.3)

(ii) Taking the first derivative of pc∗ with respect to
β, we obtain (zpc∗/zβ) � ((a − c − te0)[2ηβ − t

(β + t)2]/[2η − (β + t)2]2). If
a − c − te0 > 0, t< β, and (β + t)2 < 2η, then
(zpc∗/zβ)> 0.

(iii) Similarly, (zπc∗
sc /zβ) � (2η(β + t)(c − a + e0t)

2

/2[(β + t)2 − 2η]2)> 0.

(3) Taking the second derivative of ec∗ with respect to t,
we obtain (z2ec∗/zt2) � − e0η − 2< 0, that is, ec∗ is a
convex function of t. Solving the first-order condi-
tion (zec∗/zt) � ((c − a + βe0 + 2e0t)/(β + t)2 − 2η)

− (2 (β + t) (βc − aβ − at + ct + e0t
2 + βe0t)/[(β+

t)2 − 2η]2) � 0for t, we can obtain the optimal
carbon tax tc∗.

Proof of Proposition 2. Taking the second derivative of πd
r

with respect to p, we obtain that (z2πd
r /zp2) � − e0η − 2< 0,

i.e., πd
r is a convex function of p. Solving the first-order

condition for p, we can derive the retail price reaction
function:

p(w, e) �
a + βe + w

2
. (A.4)

Substituting (A 4) into (4), we obtain that

πd
m �

1
2

w − c − t e0 − e(  (a + βe − w) −
1
2
ηe

2
. (A.5)

According to equation (A 5), the Hessian matrix of πd
m

H2 �
(z

2πd
m/ze

2
) (z

2πd
m/ze zw)

(z
2πd

m/zwze) (z
2πd

m/zw
2
)

 

tβ − η (1/2)β − (1/2)t

(1/2)β − (1/2)t − 1 , which is negatively

definite if 2η − (t + β)2 > 0, tβ − η> 0. So, πd
m is a strictly

joint convex function of e and w. Solving the first-order
conditions, we obtain the optimal CER degree (ed∗) and
wholesale price (wd∗) in Proposition 2. Substituting ed∗, wd∗

into (4)–(A 4), we obtain the optimal retail price (pd∗), the
maximum supply chain members’ profits (πd∗

m , πd∗
r ), and

the maximum channel’s profit (πd∗
sc ) in Proposition 2.

Proof of Lemma 2.
(1)

(i) Taking the first derivative of ed∗ with respect to
η, we obtain(zed∗/zη) � (− 4(β + t)(a − c−

te0)/[4η − (β + t) 2]2). If a − c − te0 > 0, then
(zed∗/zη)< 0.

(ii) Taking the first derivative of pd∗

with respect to η, we obtain (zpd∗/zη) � ((c −

a + te0)(3β − t)(β + t)/ [4η − (β + t)2]2). If
c − a + te0 < 0, β> t, then (zpd∗/zη)< 0.

(iii) Taking the first derivative of πd∗
sc

withrespect toη, weobtain (zπd∗
sc /zη) �

− ((β+ t)2 (c − a + e0t)
2[(β+)t2 − 8η]/2[(β+

t)2 − 4η]3). If (β+ t)2<2η, then (zπd∗
sc /zη)<0.

(2)

(i) Taking the first derivative of ed∗ with respect
toβ, we obtain (zed∗/zβ) � (− [4η + (β + t)2]

(c − a + te0)/[4η − (β + t)2]2). And if c − a +

te0 < 0, then (zed∗/zβ)> 0.
(ii) Taking the first derivative of pd∗ with respect to

β, we obtain(zpd∗/zβ) � ((c − a + e0t)[t(β+

t)2 − 2η(3β + t)]/[(β + t)2 − 4η]2). And if
c − a + te0 < 0, t< β, and (β + t)2 < 2η, then
(zpd∗/zβ)> 0.

(iii) Taking the first derivative of πd∗
sc with respect to

β, we obtain (zπd∗
sc /zβ) � (η(β + t)(c − a+ te0)

2

[(β + t)2 − 8η]/[(β + t)2 − 4η]3). And if c − a

+ te0 < 0 and (β + t)2 < 2η, then (zπd∗
sc /zβ)> 0.

(3) Taking the second derivative of ed∗ with respect to t,
we obtain (z2ed∗/zt2)< 0, i.e., ed∗ is a convex
function of t. Taking the first derivative of ed∗ with
respect to t, we obtain (zed∗/zt) � ((c − a + βe0 +

2e0t)/(β + t) 2 − 4η) − (2(β + t)2(c − a + e0t)/[(β+

t)2 − 4η]2). Solving the first-order conditions, we
can obtain the optimal carbon tax td∗.

Proof of ;eorem 1.
(1)

(i) If 0<φ< 1, it is obvious that ec∗ − ed∗ � ((a −

c − te0)(β + t)/2η − (β + t)2) − ((a − c − te0)

(β + t) /4η − (β + t)2)> 0
(ii) If (β+ t)2<2η, it is obvious that

πc∗
sc − πd∗

sc � (− η(c − a + e0t)
2/2[(β+ t)2 − 2η]) +

(η(c − a + e0t)
2[(β+ t)2 − 6η]/2[(β+ t)2 − 4η]2)

>0
(iii) If η< tβ + β2, it is obvious that pc∗ − pd∗ �

((a + c + te0)(η − βt) − β2c − β2te0 − t2a/2η −

(β + t)2) − ((a + c + te0)(η − βt) − β2c − β2t
e0 − t2a + 2aη/4η − (β + t)2)> 0; if η> tβ + β2,
pc∗ − pd∗ < 0; if η � tβ + β2, pc∗ � pd∗

Proof of ;eorem 2.
(i) If 0<φ< 1, it is easy to prove that ed∗

m < ers∗
m .

(ii) If πd∗
m < πrs∗

m , then 0<φ< 1; if πd∗
r < πrs∗

r , then
([2η − (t +β)4]2/4η2)<φ<1. So, if ([2η − (t+

β)4]2/4η2)<φ<1, we obtain πd
m<πrs

m and πd
r <πrs

r .
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