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Carbon tax policy has been shown to be an effective incentive for the reduction of carbon emissions, and it also profoundly
influences supply chain cooperation. This paper explores the interaction between carbon taxes and green supply chain coop-
eration. Specifically, we analyze the impact of a carbon tax on green supply chain coordination and further optimize the carbon tax
to achieve a win-win situation for both the supply chain and the environment. Because consumer’s behavior has a significant
impact on green product demand, we consider the problems above under two types of consumer’s behavior characteristics:
consumer’s environmental awareness and consumer’s reference behavior. A game-theoretic model is employed to describe a green
supply chain consisting of a manufacturer and a retailer, combining important factors such as the carbon tax rate, green in-
vestment coefficient, and degree of reference effect. Then, we obtain the optimal carbon tax rate by balancing the total tax revenue
and product greenness. A revenue-sharing contract is introduced to achieve green supply chain coordination, and the impact of
the carbon tax on coordination is analyzed. The results show the following. (1) The carbon tax rate and the difference between the
power of the manufacturer and retailer are the main factors determining green supply chain coordination. (2) Maximum
greenness can be achieved when development costs are higher, while the maximum tax revenue is obtained when the development
cost is lower, but with the loss of greenness. (3) If the power of the manufacturer is low, coordination can be achieved under the
optimal carbon tax. If the power of the manufacturer is at a medium level, coordination can be achieved by increasing the carbon
tax; as a result, increased greenness will be realized, but with the loss of tax revenue. However, when the power of the manufacturer
is strong, coordination cannot be achieved. (4) Price reference behavior can promote supply chain coordination, but consumer’s
environmental awareness cannot.

supply chain, carbon tax policies imposed on an enterprise
could decrease the profit within the supply chain, thus af-
fecting supply chain cooperation. However, previous re-

1. Introduction

With the degradation of the environment, increasing at-

tention has been directed toward global warming. For
sustainable development, many countries have been com-
mitted to reducing carbon emissions. For example, at the
2009 United Nations Climate Conference in Copenhagen,
the Chinese government declared that carbon dioxide
emissions per unit of GDP would be decreased by 40%-50%
in 2020 compared with the levels in 2005 [1]. Carbon dioxide
is widely emitted by the transportation and manufacturing
sectors [2]. Carbon tax policy has been proven to be effective
for emissions reduction [3-5], but it also exerts some side
effects on enterprises [6]. From the perspective of the green

search [7-9] has mostly focused on decision-making and
cooperation problems within the supply chain under a given
carbon tax level, rather than considering the interaction
between carbon taxes and supply chain cooperation.
Therefore, it is important to examine the interaction between
carbon taxes and supply chain cooperation.

Currently, to meet the requirements of carbon tax
regulations, a growing number of enterprises have been
striving for sustainability by committing to designing,
producing, and promoting green products to reduce carbon
emissions [10]. In this context, green products have been
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regarded as one of the important factors in achieving eco-
nomic growth, energy conservation, and environmental
sustainability [11]. Benjaafar et al. inferred that introducing
carbon emissions into a supply chain optimization models
can promote emissions reduction in the supply chain [12].
Meanwhile, carbon taxes increase production costs, thus
imposing burdens on enterprises. Consequently, it has been
increasingly challenging for governments to enact appro-
priate policies to reduce carbon emissions and improve
supply chain performance at the same time [13]. In addition,
consumer’s behavior is a crucial factor affecting product
demand and sustainable decisions. In this study, we consider
two types of consumer’s behavior characteristics: consumer
environmental awareness (CEA) and consumer’s reference
behavior. The former is an important factor that motivates
firms to develop green products [14, 15]. The latter is a
crucial factor that affects green product demand [16, 17]. In
reality, many enterprises are concerned about carbon
emissions, for example, HP, IBM, Ge, etc. They are not only
beginning to design green products but also enhancing
supply chain management and cooperation to achieve the
goal of emission reduction. However, it is hard to achieve
supply chain cooperation. Therefore, it is meaningful to
study supply chain green decisions and cooperation con-
sidering consumer environmental awareness under a carbon
tax policy. Therefore, we consider the interaction between
the carbon tax rate and supply chain cooperation and op-
timize the tax rate in the context of CEA and consumer’s
reference behavior. Specifically, we aim to answer the fol-
lowing questions:

(i) Is carbon tax policy favorable for improving the
greenness of products?

(ii) Can carbon tax policy promote supply chain co-
ordination to incentivize supply chain members to

cooperate?

(iii) Can carbon tax policy be beneficial for both product
greenness and supply chain coordination
simultaneously?

To investigate the above problems, a two-echelon supply
chain is introduced. This is used to explore the interaction
between green supply chain cooperation and carbon tax
policy, where a manufacturer acts as the leader and deter-
mines the product’s greenness and wholesale price, and a
retailer acts as the follower and determines the retail price of
green products. Moreover, traditional products without
green attributes (i.e., greenness) compete with green
products in the market. Through consumer utility, we obtain
the demand functions for both green and traditional
products. In addition, the government decides the carbon
tax rate to limit carbon emissions. Unit carbon emissions are
associated with the greenness of products. The higher the
greenness, the higher the product R&D cost, and the lower
the unit carbon emission. Finally, the impact of the carbon
tax on supply chain cooperation is analyzed by introducing a
revenue-sharing contract.

The results show the following. (1) When the carbon tax
and development cost are at high levels, the greenness
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increases with the carbon tax; otherwise, the greenness
decreases with increasing carbon tax. Therefore, there exists
an optimal carbon tax to maximize the greenness when the
development cost is high. (2) Cooperation can be promoted
when the government increases the carbon tax because the
retailer plays a crucial role in coordination, and the region of
cooperation is expanded when the carbon tax increases. (3)
When the manufacturer’s power is relatively low, optimal
carbon tax and supply chain cooperation can be achieved
simultaneously, whereas when the manufacturer’s power is
relatively high, cooperation cannot be achieved. In addition,
when the manufacturer’s power is at a moderate level, co-
operation can be achieved but with a loss of tax revenue in
such a case.

The main contributions of this paper are as follows. We
investigated a green supply chain cooperation problem and
the interaction between carbon taxes and supply chain
cooperation, taking consumer’s reference behavior into
consideration, which fills a research gap in supply chain
cooperation. Our result provides a reference for pricing and
green product design and a meaningful reference for
policymakers.

The remainder of this paper is organized as follows. A
literature review is presented in Section 2. Section 3 in-
troduces the basic assumptions and notations, and the
supply chain model is formulated; then, the results of the
model are analyzed, and we summarize the major conclu-
sions of the numerical analysis. Finally, Section 4 summa-
rizes the main research content and results.

2. Literature Review

Three streams of research are closely related to our work.
First, we review the research on carbon taxes in green supply
chains. Second, our work is related to research on reference
behaviors in operational management. Third, relevant re-
search on supply chain coordination is reviewed. Finally, we
distinguish our study from the three streams of research
mentioned above.

2.1. Carbon Tax. Reduction of greenhouse gas emissions is
becoming a vital issue, and almost all developed and de-
veloping countries are now implementing policies for car-
bon emission reduction [18]. Numerous studies have
focused on carbon taxes. Carbon taxes restrict the demand
for fuels and thereby reduce the emissions of harmful
greenhouse gases. Generally, carbon taxes are not always as
high as possible. For example, a falling tax rate encourages
manufacturers to produce and reduce emissions [19]. The
optimization problem of carbon taxes has previously been
studied [20]. Modak and Kelle integrated corporate social
responsibility (CSR) investments into the supply chain
strategy and operations and concluded that the optimal
recycling rate and appropriate investment in recycling ac-
tivities increase with an increase in the carbon tax rate [21].
There has also been other research regarding carbon taxes.
For example, Ulph and Ulph analyzed the optimal time path
for a carbon tax, and the numerical results suggested that a
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carbon tax should initially rise and then fall [22]. Kverndokk
considered the optimal extraction of exhaustible resources
and came to the same conclusion: the optimal carbon tax
should initially rise and eventually fall [23]. Some scholars
have suggested that the optimal tax should increase
monotonically or follow a U-shaped pattern [24, 25].
However, the above studies did not consider the carbon tax
in the context of a supply chain.

There are some research gaps in the studies on optimal
carbon taxes for green supply chains. Most of the studies
have focused on the decisions and cooperation problems of
the supply chain under a carbon tax. Hariga et al. presented
three operational models to determine the optimal lot-
sizing and shipping quantities to reduce carbon emissions.
In those experiments, a minor increase in operational cost
with carbon tax regulation is outweighed by the cost
savings resulting from carbon-related costs [26]. Turken
et al. investigated the effect of environmental regulations in
the form of a carbon tax on the plant capacity and location
decisions of a firm. They proposed two novel policy op-
tions: (1) a per unit per mile transportation penalty and (2)
a collective transportation emissions policy with a limit on
total transportation emissions. Turken et al. also revealed
that stricter regulations without high penalties would not
ensure compliance, as the benefits from the increasing scale
associated with a centralized plant frequently outweigh the
regulatory penalties, and a per unit carbon tax had no effect
on regional production of emissions [27]. Xu et al. in-
vestigated the joint production and pricing of a
manufacturing firm with multiple products under cap-and-
trade and carbon tax regulations. Their results showed that
the optimal quantity of products produced under a carbon
tax regulation is determined by the emissions’ trading
prices and the tax rate [9]. Yu and Han studied the impact
of a carbon tax on carbon emissions and retail prices in a
two-echelon supply chain consisting of a manufacturer and
a retailer. The results indicated that with an increase in the
carbon tax, both the optimal emission reduction level and
the optimal retail price initially increase and then remain
stable [28]. Sinha and Modak developed an economic
production quantity model that elucidates a new side of
CO2 emissions reduction [29]. Zhang investigated the
impact of the carbon tax on enterprise operation and
obtained the coopetition supply chain and carbon tax
mechanism [30]. Chen et al. investigated how a carbon
emissions taxation scheme can be designed to reduce
carbon emissions [31].

In general, there are two streams in the previous liter-
ature: the optimization of the carbon tax and the relationship
between the carbon tax and operation decisions in the
supply chain. However, there exists a research gap in the
existing literature: few papers focus on the relationship
between the optimal carbon tax and supply chain coordi-
nation. Our results show that by adjusting the carbon tax, the
government can promote the coordination of supply chains
and reduce carbon emissions. The optimal carbon tax policy
to promote coordination between the supplier and retailer is
obtained by balancing the tax revenue and the product
greenness.

2.2. Consumer’s Reference Behavior. Consumers are always
concerned about product value when choosing products on
shelves. The final decision of consumption is a function of
gains and losses with respect to a reference outcome [32].
Consumer’s reference behavior plays an important role in
this process of comparison, thereby influencing firms’ op-
erational decisions, such as product pricing and decisions
regarding product greenness [33, 34].

Kopalle et al. studied a novel household heterogeneity
translation model considering consumers’ price reference
behavior and developed a normative pricing policy for re-
tailers that maximizes category profit using individual-level
estimates [35]. Hsieh and Dye investigated an inventory
model based on price reference effects and established an
optimal dynamic pricing model to determine a pricing
strategy that maximizes the discounted total profit [36]. The
results suggested that the strength of the memory factor is
important for a retailer to measure because a high memory
factor value represents consumers with a longer memory of
perceived gains or losses. The optimal discounted total profit
initially increases as the memory factor increases but de-
creases when the memory factor is relatively high. Some
dynamic price studies have also considered price reference
behavior [37, 38]. In these two previous studies, the price
reference effect dominated the optimal pricing and inven-
tory policy of the firm. The expected steady-state reference
price was compared to the steady-state reference price in a
model with a deterministic reference price effect, and the
results showed that the former was always higher. Con-
sumer’s environmental awareness is a common behavior in
real life. At present, consumers are frequently concerned
about environmental protection. Green preference and
green product design have attracted extensive attention from
scholars. Zhang et al. investigate the impacts of consumer
environmental awareness and retailer’s fairness concerns on
environmental quality [39]. Chen studied product design
and marketing decisions based on consumer preferences for
environmental attributes [40]. The development of green
products depends heavily on the joint efforts of both the
supply chain and the government. Therefore, the govern-
ment should create a regulatory environment that is benign
to green product innovation. Chitra inferred that green
consumers affect marketing issues, and a preference for
greenness will promote the purchase of green products [41].
The higher the consumer environmental preference is, the
higher the price will be that the consumer is willing to pay for
low-carbon products. Consumer’s green preference is in
favor of supply chain performance on the environment [42].
Moreover, as competition intensifies, the profits of manu-
facturers with inferior eco-friendly operations will always
decrease. Li et al. infer that consumers should avoid ex-
cessive pursuit of green product design; otherwise, they hurt
the environment by investigating the impact of consumer
preference for green product design [43].

Consumer’s reference behavior plays an important role
in firms’ operational decisions, and consumer environ-
mental awareness is a common behavior in real life. The
literature above is about the influence of consumers’ green
preference on enterprises’ decision-making, such as pricing



and green manufacturing. There exists a gap in the existing
literature, which is that the consumer’s behavior has not
been concerned. In our research, the green preference and
price reference behavior are considered.

2.3. Cooperation. Supply chain cooperation is defined as
“long-term relationships where participants generally co-
operate, share information, and work together to plan and
even modify their business practices to improve joint per-
formance” [44]. In general, supply chain cooperation means
achieving better performance. In the supply chain, there are
many coordination strategies to choose from, such as rev-
enue sharing, buybacks, quantity discounts, and two-part
tariff contracts. Among these contracts, revenue sharing has
attracted the attention of many scholars and is widely used in
actual supply chains [45]. For example, Xu et al. proposed a
two-way revenue sharing contract to coordinate multiple
distributors in a dual-channel supply chain, and the results
showed that the manufacturer could prompt the retailer to
cooperate by providing this contract [46]. Shi et al. studied
reverse revenue-sharing contracts in a closed-loop system
and proposed a function to calculate the optimal ratio of the
transfer collection price. The results also suggested that
reverse revenue-sharing contracts are more attractive for
manufacturers than a two-part tariff [47]. Panda et al. ex-
plored channel coordination in a socially responsible
manufacturer-retailer closed-loop supply chain and found
that a revenue-sharing contract resolved channel conflict
[48]. Modak et al. used the subgame perfect equilibrium and
alternative offer bargaining strategy to resolve channel
conflict and distribute surplus profit [49]. Wang and Zhao
designed a revenue-sharing contract to reduce carbon
emissions, and both the supplier and the retailer achieved
Pareto improvement. In addition, they developed a function
to determine the revenue sharing ratio using the Rubinstein
bargaining model [50]. Yu et al. considered a cooperation
problem in the low-carbon supply chain and found that the
environmental awareness of consumers and tax rates con-
siderably affect the emission reduction [51]. There have also
been some supply chain coordination studies conducted
under carbon policies. Revenue-sharing contracts have been
designed to improve the performance of supply chain
members based on different carbon policies [52]. Xu et al.
studied the coordination problem in a two-echelon supply
chain, and the effect of government policy-making on
distributing the optimal emission quota was investigated.
The results showed that a reasonable revenue-sharing
contract is essential to increase supply chain members’
profits even under low-carbon conditions [53]. Modak et al.
concluded that the optimal recycling rate increases with the
CSR activity of the manufacturer, and a profit-sharing
contract provides the best channel performance in a closed-
loop distribution channel consisting of a socially responsible
manufacturer, multiple retailers, and a third-party collector
[54]. Feng infers that win-win results can be achieved by
establishing profit-sharing contracts considering the pref-
erence of green consumers [55]. Previous papers often focus
on two aspects, including the choice of contract and the
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conditions of the contract. However, the above literature still
has a gap between cooperation and consumer’s behavior.
Therefore, we investigate the supply chain cooperation
problem under the context of consumer’s reference behavior
and the carbon tax.

In summary, this study examines the interaction be-
tween supply chain cooperation and carbon taxes in a two-
echelon supply chain considering consumer’s behavior.
Some important factors should be considered simulta-
neously to study this problem, such as the optimal carbon tax
and consumer’s behavior; however, previous research has
only considered these factors separately. We also investigate
the interaction between coordination and the carbon tax.
The difference between our study and others in the literature
is presented in Table 1.

3. Supply Chain Model

In this section, a two-echelon supply chain model is intro-
duced to study green supply chain cooperation and carbon tax
policy. The optimal decisions of the supply chain and the
government tax are addressed. We then introduce the rev-
enue-sharing contract used to coordinate the supply chain.

3.1. Model Assumptions. To answer the first question (is
carbon tax policy favorable for improving the greenness of
products?), a two-echelon supply chain model consisting of
a single supplier and a single retailer without contracts is
established. The manufacturer determines the product’s
greenness and wholesale price, and the retailer determines
the retail price of the green product. The green product
competes for market share with traditional products.
Compared with traditional products, green products have
the characteristics of low pollution and being environ-
mentally friendly, but they may be less functional, such as
electric vehicles, which has poor endurance and slow speeds.
In our study, we focus on green products that are less
functional than traditional products. For example, Bellos
et al. noted that manufacturers offer vehicles with poor
performance for customers who focus on fuel efficiency [56].
In real life, greenness reflects the environmental attributes of
the product, and it is commonly used to measure how
environmentally friendly a product is. In this study, we use g
to denote the greenness degree of green products as a
measure of their environmental attributes, which is a
common practice [38, 41].

Consumers are environmentally conscious and have
environmental awareness. The utility gained from envi-
ronmental attributes is assumed to be kg, where k is the
sensitivity of the consumer to the greenness of a green
product [38]. We use V to denote the utility obtained by a
consumer from a traditional product. It is commonly as-
sumed that V is uniformly distributed on [0, 1] to simplify
the problem without affecting the conclusion [57]. Then, aV
is the utility from the green product, where a € (0, 1) is the
functional attribute coefficient of the green product that
reflects its weak functional performance compared with the
traditional product.
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TaBLE 1: Differences between our study and the available literature.

Literature Decisions under the carbon tax Optimal carbon tax Consumer’s behavior Coordination
Yu and Han [28] v v

Ulph and Ulph [22] v

Hsieh and Dye [34] N

Cao et al. [47] v N

Xu et al. [48] N N

Our paper v v v v

In real life, consumers usually compare prices between
two similar products. Let  be the consumers’ recognition
level of the reference price [35]. Therefore, the utility of
green products is obtained from four parts: a positive part
from the basic utility (aV'), a negative part from the price (p),
a positive part from the environmental consciousness (kg),
and a negative part from the price reference (8 (p — p,,)). The
utility to a consumer of green products and traditional
products can thus be expressed as follows:

{un:V_pn’

(1)
u;=aV-p+kg-pB(p-p,)

Table 2 summarizes the notation used in this study.

3.2. Model and Solution. Consumers choose between green
and traditional products by comparing utility: when u, >u,
and u, >0, consumers will purchase the green product,
whereas when u,, >u,_ and u, >0, consumers will purchase
the traditional product. As a result, demand is obtained as
shown in equation (2). The proof of the demand function is

given in Appendix A.

_(a+PB)p,—(1+P)p+kg
1= a(l-a) ’

(2)
_A+p)(pa=p) +kg

-«

qn =1
The manufacturer determines the wholesale price and
greenness of the green product. Let y denote the cost rate of
technology development; then, the total development cost is
(1/2)yg?, which is convexly increasing with the greenness
[40]. In addition, (e — g) is a linear function of the unit
carbon emissions for green products [58]. Therefore, the
profit function for the manufacturer is obtained from three
parts: a positive part from the wholesale ((w-c)g), a
negative part from green technology development ((yg?/2)),
and a negative part from the carbon tax (f(e — g)g). The
manufacturer’s decision model is as follows:
2
I\il)zng:(w—c—t(e—g))q—%. (3)
The retailer’s decision problem is then formulated as
follows:

Mpax g = (p —w)q. (4)

The optimal solutions for the retailer and manufacturer
are derived as the following theorem by substituting the
demand function into the equation above. The proof is
presented in Appendix A.

Theorem 1. The optimal solutions for both parties are
B 2yp, @ +2A,ya° + Bia+t° (1 + B) (Bp, + ke)
(1+B)(£ (1+P) - dpa(1 - )

>

(A +p)(te+c)—(a+P)p, —ke)t
- P1+p) —dya(l-a)

B ?;ypnoc3 + 2A2y(x2 +Bya + (1 +B) (Bp, + ke)
(1+B)(£* (1+P) - dya(1 - )

(5)

The corresponding profits are

(te+c—p,)B+(~k+t)e—ap, + c)zy
2B+ +4(-1+a)ya)(B+1)

m

r

((te +c = p,)B+ (=k +t)e — ap, +c)* (-1 + W)y’
(4a’y - day + (B+ D) (B+1) '

(6)

According to this theorem, price and greenness decisions
are directly affected by the carbon tax rate. Facing a higher
carbon tax and development cost, the manufacturer and
retailer will reduce the greenness of products and the sale
price with increasing carbon tax. However, when facing a
lower carbon tax, the greenness and price will increase with
increasing carbon tax (the details are shown in Appendix B,
equations (1) and (5)). Next, we investigate the effects of
these parameters on the product greenness. The proofs are
provided in Appendix B.

Proposition 1. The effects of the carbon tax rate, price
recognition level, development cost, and functional attribute
coefficient on product greenness are as follows:

(1) There exist some thresholds, T, and y,, for which g
decreases with increasing t wheny >y, and t > t,; else
g increases with increasing t.
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TaBLE 2: Notations.

Parameters Definition

P> Py Prices of the green product and traditional product, respectively

949, Demand for the green product and traditional product, respectively

w Wholesale price

g Product greenness

t Carbon tax rate

y Cost rate of technology development

c Unit product cost of the green product

e Initial unit carbon emissions

o Functional attribute coeflicient of the green product function

B Consumers’ recognition level of the reference price

k Sensitivity of consumers to product greenness

% Utility obtained by a consumer from the traditional product

f Proportion of the total revenue obtained by the retailer

A Member strength in the supply chain

(2) There exist some thresholds, t, and ¥,, for which g
decreases with increasing f when y >, and t > 1,; else
g increases with increasing f.

(3) g increases with increasing k, decreases with in-
creasing y, and initially increases and then decreases
with increasing a.

We can conclude that the carbon tax, development cost,
price recognition level, greenness sensitivity, and functional
attribute coefficient all influence the greenness in Proposi-
tion 1. When the carbon tax is low, the manufacturer incurs
less cost to improve the greenness of the products. As a
result, the greenness increases with the carbon tax. In ad-
dition, if the carbon tax is high and the development cost is
low, the greenness of the products will increase with in-
creasing carbon tax because the tax is the crucial factor in
decisions. In contrast, if the carbon tax is high and devel-
opment costs are also high, the greenness of products will
decrease because the manufacturer will choose to reduce
development costs. Therefore, pollution will not be reduced
as the carbon tax increases in some cases. Facing high de-
velopment costs, the manufacturer will not improve
greenness unless it is promoted by a lower carbon tax. A
numerical simulation of this scenario is shown in Figure 1.

Similarly, the results show that greenness is affected by
the consumers’ price reference behavior. When the carbon
tax is low, the negative effect of price increases when con-
sumers have higher concerns about price. Therefore, the
manufacturer will offset this negative effect by improving the
greenness of products. When the carbon tax is high and the
development cost is low, the greenness of products will
increase under a high consumer concern about price. In
contrast, if the carbon tax is high and the development cost is
high, the greenness will decrease because the manufacturer
will choose to reduce development costs. Numerical sim-
ulations of these scenarios are shown in Figure 2.

In addition, greenness sensitivity and the functional attri-
bute coefficient also affect greenness. The greenness increases
with increasing greenness sensitivity of consumers. High
greenness sensitivity can promote more green products. This
means that the government can promote green production by

0.10

- 0.08

- 0.06

- 0.04

~ 0.02

0.00

0.5

— V<N
YN

FiGgure 1: Effects of carbon taxes on greenness.

increasing the green consciousness of consumers. Moreover, the
greenness decreases with increasing development cost. A higher
degree of greenness is obtained when manufacturers face lower
development costs. In addition, greenness first increases and
then decreases with the increase in the functional attribute
coefficient. When the functional attribute of the green product
is low, the manufacturer will produce a lower greenness product
with increases in the functional attribute coefficient. In contrast,
the manufacturer will produce a product with higher greenness
with an increase in the functional attribute after a functional
threshold has been reached. Numerical simulations of these
scenarios are shown in Figure 3.

Overall, consumers’ reference behavior plays a positive role
in promoting green production. However, the carbon tax is not
effective for improving green products in some cases. For
example, if the carbon tax is high and the development cost is
also high, the greenness of products will decrease. Therefore, we
next investigate the optimal carbon tax.

First, an optimal carbon tax is defined as that which
provides the maximum greenness without losing total tax
revenue. The result is provided in Proposition 2, and the
proofs can be found in Appendix C.
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FiGure 2: Effects of consumers’ price reference behavior on greenness. (a) Low-carbon tax rate. (b) High carbon tax rate.

Proposition 2. The optimal carbon tax is defined as follows:

M- VM -N 0<y<y
e(t+p = PSP
t"=4p_ P’ -Q R R (7)
W’ Y3 <Y<V
?1: Y1<y-

The optimal carbon tax is obtained in Proposition 2
based on the manufacturer’s development cost to maximize
greenness without losing the total carbon tax revenue. We
can observe that the crucial factor is the development cost.
An appropriate carbon tax policy should be chosen when
facing different production technologies to ensure greenness
and total tax revenue. In addition, it is easily observed that
the maximum greenness is obtained when the development
cost is high, whereas the maximum tax is obtained when the
development cost is lower, but some of the greenness is lost.
A numerical simulation of this scenario is shown in Figure 4.

3.3. Supply Chain Coordination. It is also important for
supply chains to establish green supply chain models by
integrating internal and external resources to make deci-
sions, which enables supply chains to achieve better per-
formance by improving cooperation [59, 60]. However, most
studies on coordination have mainly focused reducing
emissions and improving profit. Few studies have investi-
gated the relationship between carbon taxes and supply
chain cooperation.

In this section, we study the impact of carbon taxes and
consumer’s behavior on supply chain coordination, where
the manufacturer is the leader, and the retailer is the fol-
lower. A revenue-sharing contract is introduced to achieve

coordination. Let # denote the proportion of total revenue
obtained by the retailer; then, the manufacturer’s decision
model is as follows:

2
Y9

szxnl?d:((l—n)p+w—c—t(e—g))q—7. (8)

The retailer’s decision problem can be described as
follows:

9)

The optimal solutions for the retailer and manufacturer
are derived with the following theorem by substituting the
demand function into the equation above. The proof is
found in Appendix D.

Mpax ng =(np - w)q.

Theorem 2. The greenness is defined as follows:

t(-ap, +et(B+1)+(c—p,)p—ke+c)
g= 2 B . (10)
2y(L+nma” =2y(1+ma+t (f+1)

Then, the profits of both parties are the following:

(te+c—p,)B+(-k+t)e—ap, + c)zy
Z(tzﬁ +2+4(-1+ oc)yoc) B+1)

m

((te+c—p,)B+(-k+t)e—ap, + 6)2 (-1+ oc)ocy2
(40%y - day + (B + D2) (B+1) '

r

(11)

We investigate the impact of the carbon tax on pro-
moting the coordination of the supply chain by comparing
the profit changes of the two partners after the introduction
of the revenue-sharing contract in Proposition 3. The proofs
are provided in Appendix E.

Proposition 3. Coordination can be promoted by increasing
the carbon tax.
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FiGure 3: Effects of parameters on greenness. (a) Greenness sensitivity. (b) Development cost. (c) Functional attribute coefficient.

When the profits of both the retailer and the manu-
facturer improve simultaneously, coordination is achieved.
By comparing equations (11) and (6), we find that the
revenue-sharing contract improves the retailer’s profit only
when 7 € (#,,1), whereas the manufacturer always benefits
from the contract. The range of 7 depends on the carbon tax
rate. When 7 is in the given range, the retailer and man-
ufacturer achieve Pareto improvement. Furthermore, the
range expands as the carbon tax rate increases. Therefore, the
government can promote supply chain collaboration by
increasing the carbon tax. Based on the previous results for
the optimal carbon tax, we next investigate how to achieve
coordination when the supply chain faces the optimal
carbon tax. Figure 5 shows the Pareto improvement region.

According to the assumptions described above, the
manufacturer acts as the leader, and the retailer acts as a
follower. It is reasonable that the proportion of profit
received by the retailer is decided by the manufacturer.
Therefore, it is necessary to investigate whether the
proportion decided by the leader is in the region in which
coordination is achieved. A parameter A is introduced to
denote the strength of a partner in the supply chain. Let

A, € (0.5,1) and A, =1-A,, represent the power of the
manufacturer and the retailer, respectively. Then, we
consider a simple function, (A,/A,,), to determine 7, which
is the proportion of revenue received by the retailer. The
retailer retains the maximum revenue when the power of
the two parties is equal (i.e., A,, = A, = 0.5), whereas all of
the benefits go to the leader when the power of the
manufacturer is overwhelming compared with that of the
retailer (i.e., A,, = 1). Similar to Proposition 2, the optimal
carbon tax is obtained under the revenue-sharing contract
as follows:

[ M- M2 -1+ 2N .
e(1+p) : O<y <y,
=9 (1+n2)P - VA2 P -+ Q.
2(1+/3)M > y2<y<)}l’
), Y1<y
(12)
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FIGURE 5: Pareto improvement region with increasing carbon tax.
Proposition 4 is designed to answer the question of

whether cooperation will be achieved; the proofs are found
in Appendix F.

Proposition 4. Coordination will be achieved if the power of
the manufacturer is low (i.e., 0.5 <A,, <A,). Moreover, when
the power of the manufacturer is at a medium level (i.e.,
Ay <A, <A,), coordination can be achieved, but part of the
total tax revenue will be lost, if the development cost is low
(i.e., y<¥9,). In other cases (i.e, y>%, or A<A,,), coordi-
nation cannot be achieved because the power of the manu-
facturer is overwhelming.

Coordination situations for different manufacturer
power levels are present in Table 3. The achievement of
coordination is decided by the power of the manufacturer
and the optimal carbon tax faced by the supply chain. Based
on Proposition 3, coordination can be promoted if the
government adjusts the carbon tax. On the other hand,
coordination can easily be achieved under the optimal
carbon tax if the power of the manufacturer is low. In
addition, there are two possibilities when the power of the
manufacturer is at a medium level. If the development cost is
too high, adjusting the tax will lead to an unknown result: the
greenness and total tax revenue may both decline at the same
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TaBLE 3: Coordination situations for different manufacturer power levels.

Power of the manufacturer Coordination Greenness Total carbon tax revenue
0.5<A,, <jl Achieve Improve Improve
M <Ay <Ay y <Py Achieve Improve Decline

Cannot achieve
Cannot achieve

A <A, <A,y <,
>V

time. If the development cost is lower, the greenness may be
improved with a loss of revenue by increasing the carbon tax.
However, when the power of the manufacturer is strong, the
region § = (7,,1) cannot be achieved.

According to our theory, the government can promote
the coordination between the manufacturer and the retailer
by adjusting the carbon tax. When the power of the man-
ufacturer increases, the government still achieves coordi-
nation by raising the carbon tax. In general, cooperation is
achieved, and the government plays a key role in promoting
cooperation.

The effects of consumers’ behavior on supply chain
coordination are also investigated in the next proposition.
The proofs are provided in Appendix G.

Proposition 5. Price reference behavior can promote supply
chain coordination, but green preference cannot.

From the previous results, price reference has a complex
impact on the supply chain. First, the increasing sensitivity
of customers to price will promote supply chain coordi-
nation because this negative impact can be mitigated by
cooperation. In addition, price reference behavior also af-
fects the green decisions of the supply chain in a complex
manner. In contrast, the mechanism by which consumer’
green preferences influence the supply chain is relatively
simple. Greenness increases with increasing greenness
preference, and green preference has no effect on the co-
ordination of the supply chain.

4. Conclusion

This study examines the interaction between supply chain
cooperation and the carbon tax problem in a two-echelon
supply chain under consumer’s reference behavior. The opti-
mal carbon tax policy is obtained based on analysis of the
carbon tax, green investment coefficient, and degree of con-
sumer’s price reference. The optimal carbon tax is defined as
the simultaneous optimization of total tax revenue and product
greenness. In addition, coordination is achieved by introducing
revenue-sharing contracts. The impact of consumers’ reference
behavior and the carbon tax on supply chain coordination is
also investigated. The results are as follows:

(1) The greenness increases with increasing carbon tax
when the carbon tax is low. In addition, if the carbon
tax is higher and the development cost is low, the
greenness of products will increase with increasing
carbon tax. Conversely, if the carbon tax is higher
and the development cost is also high, the greenness
of products will decrease.

(2) When the carbon tax is low, the negative effect of
price increases as consumer concerns about price
increase. Therefore, the manufacturer offsets the
negative effect by improving the greenness. When
the carbon tax is higher and development cost is low,
the greenness of products will increase with high
consumer’s concern about price. In contrast, if the
carbon tax is higher and the development cost is
high, the greenness will decrease.

(3) The greenness increases with an increasing greenness
preference of consumers. Their preference behavior
can promote more green products. This means that
the government can promote green production by
promoting the green consciousness of consumers.
Moreover, the greenness decreases with increasing
development cost. A higher greenness is obtained
when manufacturers face lower development costs.
In addition, greenness first increases and then de-
creases with increases in the functional attribute
coefficient. When the functional attribute of the
green product is low, the manufacturer will produce
a lower greenness product with an increase in the
functional attribute. In contrast, the manufacturer
will produce a higher greenness product with an
increase in the functional attribute after a func-
tionality threshold.

(4) We investigated the impact of the carbon tax on
promoting the coordination of the supply chain by
comparing the profit changes of two partners after
the introduction of a revenue-sharing contract in
Proposition 3. We found that coordination could be
promoted by increasing the carbon tax.

(5) The achievement of coordination depends on the
type of manufacturer. If the power of the manu-
facturer is low, coordination can be achieved
under the optimal carbon tax. If the power of the
manufacturer is at a medium level, coordination
can be achieved by increasing the carbon tax, and
improved greenness will be realized with a loss of
revenue. However, when the power of the man-
ufacturer is strong, coordination cannot be
achieved.

In this study, we focused on the interaction between a
carbon tax and supply chain cooperation. However, other
carbon policies (e.g., a cap-and-trade policy) and supply
chain structures are worth exploring. For example, it would
be interesting to investigate the effects on a supply chain
structure consisting of the retailer as the leader under a
complex carbon policy.
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Appendix

A. Proof of Theorem 1

The demand function can be written as

{q=P{av—p+kg—/5(p—pn)—(v—pn)zo,av—p+kg—ﬁ(p—pn)zo},

11
q=Piu,>2u,,u,>0¢,
1,220 .
q, = P{un >Ugs Uy 2 0}.
After replacing u, and u,, we have
(A.2)

4, =Plv—p,—(av—p+kg-B(p-p,)>0,v—p,=0}

Given that V is uniformly distributed on [0, 1], the
demand function is

B (a+B)p,—(L+P)p+kg
1= a(l —a)

>

(A.3)

_A+p)(pu=p) tkg

=1
a l-«a

n

The condition k> ((1 + B)p — (a+ B)p,/g) is necessary
to ensure nonnegativity. The retailer problem is addressed
first, and we have

_(a+B)p,+ (1 +Pw+kg
- 2(1+p) '
Then, substitute p into the manufacturer’s profit func-

tion. Solving the optimal w and g simultaneously yields

_(a+P)p,+(1+P)(c+t(e—g) +kg
w= >
2(1+p)

_t((a+B)p, — (1 +Pw + ke)
- 2ya (1l —a) '

(A.4)

(A.5)

Then we have
_ Zypnoc3 + 2A1y¢x2 + Bja+ (1 +B) (Bp,, + ke)
(1+B)(£* (1 + P) - 4ya(1 - )

>

((L+p)(te+c)—(a+P)p, — ke)t
£ (1+p) - 4ya(l-a) ’

< =

_ 3ypa’ +24,y0” + By + £ (1 + B) (Bp, + ke)
(1+B)(£* (1 +P) - dya(1 - a))

Ay =(1+pB)(c+te)+ke—(1-PB)p,
A, =1 +p)(c+te) +3ke—(3-B)p,»

>

{ B, = 2p((1 + B)(c + te) + ke + fp,) +t* (1 + B)p,»
B, = —y((1 + B)(c + te) + 3ke + 3Bp,) + (1 + B) Py
(A.6)

Notes that we have (a + f)p, + ke — (1 + ) (te +c) > 0.
The concavity condition is 4ay (1 —a) — (1 + f)t*>0.

B. Proof of Proposition 1

(1) The first derivative of g in t is

0g _ —4ya’p, +4yAsa’ + Bya—t* (1+ ) (1 + P)c — ke — fp,)

o (tz(l - B) - 4ya(l - oc))2 ’
Ay =(1+p)(c+2te) —ke+(1-P)p,,

{33 = —4y((1+ P) (c + 2te) —ke — fp,) + 2 (1 + P)p,,.

(B.1)

We have a threshold
R £ (1+B) ((a+P)p, + ke — (1 + P)c)

M= (- a) ((a + B)p, + ke — (1 + P) (c + 2te))’

7 (x+B)p, +ke—(1+p)c
L 2(1+pe ’

(B.2)

When y>79, and t>*%,, g is decreasing in t. By
contrast, g is increasing in ¢ in other cases.

(2) The first derivative of g in f8 is
9g _—da(l-a)(te+tc—p,)y+ t* (ke + ap, — p,)

op (t2(1+/3)—40c(1— oc)y)2 .
(B.3)
We have a threshold
B t* (ke — (1 - a)p,,)
Y2 = da(l-a)(te+c—p,) (B.4)
[

) =
e

Review we have (a + )p,, + ke — (1 + ) (te + ¢) > 0;
therefore we can find that
p.—¢ ke—-(1-a)p,
+ .
e (1+pe
(i) When ke — (1 - a)p, <0, then t<?%, is inevitable.
Therefore (0g/df) >0 is correct.

(ii) When ke- (1-a)p,>0, we can find that
(0g/op) <0 if y>79, and t >t,; (3g/9p) <0 in other

cases.

< (B.5)

(3) The first derivative of g in k and y is



12 Mathematical Problems in Engineering

a9 4a(l-a) ((a+ B)p, + ke — (1 +p) (te + C)) By substituting those into X, we have

o (4ya(1-a)- (1 +ﬁ)) Xlomg, =4y =y L+ BT =2(y =21+ P)) Py
g te Xlyg, = —1n\y: -y (1 +P)T -2(y -t (1+p))p,<0.

ok aya(l-a) - £(1+f) 70 (B.9)
(B.6) And  T=(1+p)(te+c) —ke— ((1/2) + P)p, <O.
We can find
(4) The first derivative of g in « is ( , )
Xlpeg X Xlgew, = —4ly -t (1 +p)
a_g _ - Xt 1 2
0 (4a(1-a)y-£2(1+p) 7 (4(Bp,+ ke = (1+ P) (te + 0))’

2,2
+pt (1 + <0.

And X =—4a’yp, + (4(1 + ) (te + c) — 4ke — 4p,) Pt (1)

(2a + 1)y + p,t* (1 + P) is a quadratic function. The (B.10)

range of a in 4ay (1 —a) - (1+p)t2 >0 is
8 v( ) - (1+h) Therefore, X|,, >0. There only exist a @ € (a,, ;)

y+ },2 _ ytz (1+p) that makes (ag/a(x) 0. And (0g/0«a)>0 if
a = 3 , a € (ay,@); (0g/0a) <0 if a € (@, ay).
v (B.8) (5) The first derivative of p in ¢ is

Y=\ -y 1 +p)
2y '

K, =

op  2a(a- 1)((6(1 + ﬁ)tz/z) + (=pya —ke + (c— p,)p +c)t — 2eay (a - 1)))/

ot ((1 +ﬂ)t2 +4ay(a - 1))2 ’
(B.11)
Ay =(1+B)(c+2te) —ke+(1-PB)p,
By = —4y((1+ p) (c +2te) — ke — Bp,) + > (1 + B)p,.
_ —B—1)c +ke +pp, + p,a)
The discriminant of quadratic function y = (8 5 ) ez Bpu+ puc) . (B.14)
4 (1+ )t a(a—1)
e(l+ ﬁ)t2
- +(—ppa—ke +(c— p,)B +c)t — 2eay(a—1), Review we have(a+ f)p, + ke — (1+ ) (te+c)>0;
therefore we can find that
(B.12)
is t, = 2=+ Payla—1) (B.15)
1+p
=((-B-1c+k 21 4e’ (1+P)fay(a—1).
(= Ve ket fpy+ pye)” +4e(1+ pitay (@~ 1) Substituting it into above quadratic function:
(B.13)
We have a threshold
27 (=pya—ke +(c—p,)B+c)y/-(1+Pala—1 —4eocy(a—l)(l+ﬁ) (B.16)
1+p ’
And we have a same threshold: It could be found that(dp/ot) >0 because A <0 when
2 y<79. And when y>79, we have another threshold 7 and
7= ((=B = 1)c + ke + Bp,, + p,a) _ (B.17) ap/at| ~ = 0because A>0and dp/ot|, <O0.Therefore, when
4’ (1 + B)a(a—1) y>9y andt>7, pis decreasing in t. And when y >y and <7,

p is 1ncrea51ng in t.
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C. Proof of Proposition 2

(1) Let R =t (e — g)q denote total carbon tax, and the
first derivative of R in t is

OR _2y(A,t" + Byt +¢c)(Ast’ + Byt +¢)
*  (mal-w)-20+p)

(C.1)

Among them

(1+pe
2

B, = —((a+B)p, +ke—(1+P)c)<0

A, = >0,

C, =2yea(l —a)>0,
Ay =((a+p)p, +ke—(1+p)c)(1+p)>0,

B; = —8yea(l1—a)(1+f)<0,

Cy=4ya(l - a)((a+p)p, +ke—(1+P)c)>0

_ZL

D], =
le, T

‘{’It = -8ya(l - cx)<2(1 + Pe

If y<y3, ®|, <0, and ¥|, >0, then dR/ot|, <0; If
y>7s @ >0, and ¥l <0, then oR/ot], < 0. There-
fore we havet € (ta,tb) ort, € (t.,t,). Furthermore,

=t(e - g)q is maximized when t=t,if p<y;; R=
t(e — g)q is maximized when t = t_ if y > 9;. Totally, we
have

t V<Y,
t*={ oV <V3 (CS)

tc’ Y > ?3'

(2) Review Proposition 1. If y > ¥, g is maximized when
t* =t,. If y<¥,, g is maximized when t* =t,,.
When t>t, 9,>9s. And y,<0<ys if t<¥,.
Substituting #, into ®:

~ 3((a+P)p, +ke—(1+P))’
OF, = 8e(1+p)

+ 2eya(l — a).

(C.6)

A threshold is p, = (3/4)p;. Therefore, we have (i)
when 0 <y <y,, t* =t, because of @} <0 and >ty

a(l -

1+p

13

(C2)

Let ® = A,t* + B,t + C, and ¥ = A5t + Byt + C;, and
we can find that dR/0t and ® x ¥ have a same sign. By
solving A, and A,, a threshold is

- ((a+B)p, +ke—(1 +ﬁ)c)2

C.
4e’a(1-a)(1+p) (C3)

There are two positive real numbers of solutions for @ if
y<9P;, and let 0<t,<t, denote it. Similarly, let
0<t.<t, denote the solutions for ¥ if y >7y,. Review
we have 4ay(l-a)- (1+p)t*>0, therefore let

= \/4ya (1l —a)/1 + f3. Substituting ¢,, into ® and ¥:

((a+B)p, + ke —(1+P)c) +deya(l — a),

(C.4)

®) y —((a+P)p, +ke—(1 +/>’)c)>.

(i) when y, <y <75, t* = t, because of t; <t (iii) t* =
t, when 9, <y<p;; and (iv) t* =t. when p, <y. The
result is obtained by solving ® and .

D. Proof of Theorem 2

Similar to Appendix A. The retailer problem is addressed
first, and we have

_anp, +pnp, +nkg + pw+w
2n(B+1) '

Then, substituting p into the manufacturer’s profit
function. Solving the optimal w and g simultaneously yields

(D.1)

(anp,, + Bet + Pnp, — Pgt + enk + cf + et — gt +c)y

w = 5

(I+n)(f+1)

(anp, + Brp, + enk - pw —w)t
2(a—1)yan

(D.2)
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By solving the equation above, we have
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B 2yp, & +2A,ya" + Bja+t* (1 +B) (Bp, + ke)

(1+B)(£ (1+P) - (1 +nya(l-a))

_t(-ap, +et(B+1)+(c—p,)B—ketc)

19

£ (1+p8) - (1+n)ya(l -a)

_(n+ 1))/‘1),4%3 + Azyoc2 +Bya + £ (1 +B) (Bp,, + ke)

Note that we have —ap, +et(B+1)+ (c—p,)B —ke+
c<0. The concavity condition is (1+f)(£*(1+p)— (1+
nya(l —a)) <0.

Substituting solutions into the profit function, we have

((te+c—p,)B+(~k+t)e —ap, +c)’y
2(t2/3 +2+4(-1+ oc)yoc) B+1)

T

((te + ¢ — p)B+ (=k + t)e — ap, + ¢)’ (-1 + W)ay’
(4(x2y— 4oy + (B + l)tz)2 (p+1) .

r

(D.4)
E. Proof of Proposition 3
B ((a+P)p, +ke—(1 +ﬁ)c)2y
M — 272’
2(1+B)(4ya(1- @) - (1+P)t?)
< ((a+P)p, +ke—(1+p)c)’y .

201+ B)(2(1+mya(l- a) - (1+p)t?)

(E.1)

(1+B)(£ (1+P) - (1 +nya(l-a))

>

(D.3)

[ A, = (et +np, +c)f+et+(ke—p,)n+c,
| A, = (2n+V)p, +et +c)B+(-2n—1)p, +et + (2nk + k)e + ¢,
B, = ((-2et — 2np, — 2c)B — 2enk — 2et — 2c)y + tzpn (B+1),

[ B, = (=27 = 1)p, — et —c)B —et + (—2nk — k)e — )y + *p, (B + 1).

By comparing the profits of two partners change after the
revenue-sharing contract introduced, we found that the
manufacturer always benefits from cooperation:

. Ya(l—a)(a+p)p, + ke - (1 +p)(te + )’
(1+B)(4ya(l - a) - (1+ )

ny’a(1—a) ((a+ P)p, + ke — (1 + ) (te +c))2‘

7'[2 = 2\ 2
(1+B)(2(1+mya(l- a) - (1+p)t*)
(E.2)
A threshold is
! =(2W(1 —9-{ +ﬁ)t2)2. (E.3)
2ya(l — «)

When 7 is in the region § = (#;,1), the retailer will
accept cooperation. And the first derivative of #, in ¢ is

2 2
an, _ (20°y =20y + £ (B+ 1))t (B + 1)<0. (E4)

ot a2y2 (-1+ oc)2

Therefore, 7, is decreasing in t. That means the region
& = (ny,1) is expanding when tax rises. And the revenue-
sharing contract is accepted easily than before.

F. Proof of Proposition 4

We consider a simple function (A,/A,,) to decide the
practical #, where A, € (0.5,1) and A, =1 —-A,,. Given the
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carbon tax t*, we have aregion § = (7 (t*), 1) of cooperation.
It is clear that the gap of strength between two partitions in
the supply chain is a crucial factor in cooperation. By
comparing practice #, decided by strength, and #(t*), de-
cided by the carbon tax, we have

7 -

15
2 2 2
1 :(Zay—Z(xy+t(ﬂ+1))‘ (F.1)
A 4(x2y2(— 1+ a)
A threshold is
40P (<1 2
ay (-1+a) (F.2)

When 0.5<\,, <1, the practical # is in the region
0 = (n(t*), 1); therefore, the cooperation is achieved facing
the optimal carbon tax.

However, the practical 77 is out of the range § = (1 (¢"), 1)
when 1, <A,,. Review previous result, the region § = (#;,1)
is expanding when tax rises. Therefore, there exists a pos-
sibility that the government increasing carbon tax to co-
ordinate the supply chain. We assume a realistic thing: the
government is willing to boost the greenness of the product
even reducing part of the revenue from the carbon tax.

Based on it, the carbon up to f; which means the
greenness is maximized. Therefore, The cooperation is
achieved when y <y, because the greenness is decreasing in
the carbon tax when 9, <y. Then we have the second
threshold:

~ 1
A =—
? m(t)+1

The cooperation could not be achieved when A, > 12.

The conclusion is as follows: (1) Coordination would be
achieved when the manufacturer is democratic (i.e.,
0.5<4,, <A;). (2) Coordination could be achieved but part
of the total tax will lose if development cost is lower when the
manufacturer is moderate (i.e., A, <A, <A,). (3) The co-
operation could not be achieved if the manufacturer is a
dictator (i.e., A, > 1,).

(E.3)

G. Proof of Proposition 5

The first derivative of #; in f§ is

on, (Z(xzy —2ay+t* (B + 1))t2

<0. (G.1)
ot 20(2)/2 (-1+ oc)2

Similarly, #, is decreasing in 8. That means the region
0 = (n,,1) is expanding when f rises.

And it is apparent that 7, = (2ya(l —a)— (1 + B)t?/
2pa(l - a))? is independent with k.
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