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The paper studies how the combination of the manufacturer’s carbon emission reduction and the retailer’s emission reduction
relevant promotion impacts the performances of a dyadic supply chain in low-carbon environment. We consider three typical
scenarios, that is, centralized and decentralized without or with side-payment. We compare measures of supply chain performances,
such as profitabilities, emission reduction efficiencies, and effectiveness, in these scenarios. To improve chain-wide performances,
a new side-payment contract is designed to coordinate the supply chain and numerical experiments are also conducted. We find
the following. (1) In decentralized setting, the retailer will provide emission cutting allowance to the manufacturer only if their
unit product profit margin is higher enough than the manufacturer’s, and the emission reduction level of per unit product is a
monotonically increasing function with respect to the cost pooling proportion provided by the retailer; (2) the new side-payment
contract can coordinate the dyadic supply chain successfully due to its integrating sales promotion effort and emission reduction
input, which results in system pareto optimality under decentralized individual rationality but achieves a collective rationality effect
in the centralized setting; (3) when without external force’s regulation, consumers’ low-carbon awareness is to enhance consumers’
utility and decrease profits of supply chain firms.

1. Introduction
Coming with the emerging low-carbon economy and environmental issues over the world, consumers’ awareness of
low-carbon products gradually arises. Consequently, the
product and services having low-carbon features are anticipated to gain more evaluation value by customers. For
example, there are some projects that succeed in influencing
people’s behaviors by using economic instruments, such as
incentives, discounts, education, and information sharing;
see Geller et al. [1].
To help consumers identify the carbon footprint of
products (including carbon emissions of products from
manufacturing with raw materials to disposing the finished
products) [2], more and more enterprises begin to use carbon
labels to track carbon footprint message of products. The
adoption of carbon label increases the transparency of the

carbon footprint. Therefore, the carbon emission of the
product affects the value and utility perceived by consumers
directly and thus affects the market demand for the product.
Under the influence of awareness of environment, consumers
are even willing to pay a higher price for environmentally
friendly products than for common products [3]. Affected
by this, many large international companies have begun to
emphasis their image of emissions reduction. They publish
annual environmental and social responsibility reports regularly (such as Toyota Kirloskar Motor and TOTAL) and
set their reduction targets. In short, as carbon emission is
becoming one of the significant factors affecting product
demand increasingly, carbon cutting has become one of the
major issues for most firms.
Meanwhile, in many industries, manufacturers are facing
growing challenges from retailers; see Inderst and Wey [4].
In more and more industries, it is the retailer, such as
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Wal-Mart, Tesco, and Home Depot, that determines the
manufacturing and marketing of products [5]. Retailers in
the strong position tend to use their “bargaining power”
to take all kinds of unequal trade with suppliers, in order
to achieve their aim of delivering the cost and risk, and
their actions will cause the whole supply chain to deviate
from Pareto optimality [6]. However, enterprises in a supply
chain should cooperate while compete. The upstream and
the downstream of the supply chain can work together to
enhance the product demand, for example, the manufacture
focuses on emission reduction while the retailer engages in
marketing and promoting related to the products’ low-carbon
feature. If so, both the manufacturer and the retailer are able
to maximize their profits.
Based on the above reasons, we focus on the game
between a manufacturer and a retailer in the supply chain
considering the impact of carbon cutting and promotion
related to the product emission reduction on product
demand, under the situation that consumers have the awareness of low carbon. We analyze the decisions of the manufacturer and retailer aiming to maximize their profits. Also,
we explore the solution to optimizing the system profit using
a new kind of side-payment contract when the manufacturer
and the retailer make decisions individually. The new contract
can not only increase the profit of the manufacturer and
the retailer, but also achieve the rationality and fairness in
allocating the incremental profit of the supply chain system.
The studies closely related with our paper focus on supply
chain coordination contract designing, corporate decisionmaking, and supply chain operation under low-carbon environment.
There are many previous studies on supply chain coordination contract design. These contracts include buyback
contract, revenue sharing contract, quantity discount contract, contract sales rebates, wholesale price contracts, price
discounts contracts, and so forth. To find more analytical
and detailed commentary on these contracts as well as a
detailed review of these studies, readers can refer to Cachon
[7] and Leng and Zhu [8]. In addition, Luo and Zhang [9]
study a decentralized supply chain with a single supplier and
two retailers improving the effectiveness of the supply chain
through the side-payment contract. Tang et al. [10] propose
a linear side-payment mechanism, so that retailers offer the
best promotional level to achieve supply chain coordination.
From early on, people have begun to discuss the impact
of carbon emissions on global warming, but companies pay
attention to operation under carbon emissions constraints
much later [11]. Under carbon emissions constraints, companies tend to adopt more energy-efficient facilities and
equipment or transportation facility to reduce emissions. In
fact, the same goal could be gained by adjusting the way
of operating, transport, and inventory. Even companies can
cut more carbon emission with lower cost by this way [12].
But it did not attract enough attention in the academic and
private sectors. The studies of business operations under a
low-carbon environmental decision-making which are still
tiny at this point include the following aspects.
Firstly, some researchers focus on optimizing the transportation mode of supply chain in order to reduce carbon
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emissions under low-carbon environment. Transportation
is a significant source of carbon footprint in supply chain
[13]. Hoen et al. made important research on supply chain
transportation model selection. Their research showed that in
an established network, adjusting transportation model can
reduce carbon emissions greatly [14], but the actual decision
depends on the carbon related regulations and other practical
issues [15].
Secondly, many researchers focus on supply chain network design in low-carbon environment. Companies are
different in pressure, marginal cost, and marginal profit of
carbon emission reduction because they are in different
regions or different in technological and management ability.
Those make it possible for companies to optimize the carbon
footprint of product by supply chain network design. The
optimization of supply chain network is helpful for cutting
emission and saving cost at the same time [16]. Considering
carbon trading regulation, Ramudhin et al. [17] and Diabat
and Simchi-Levi [18] introduced a mixed integer mathematical model for companies to reveal an optimal strategy to
meet their carbon cap. Cachon [19] observed that not only
the carbon emissions constrain to retailers but also the cost
of consumers should be considered in supply chain network
design because the network design would affect not only the
cost of retailers but also the cost of consumers.
Thirdly, supply chain coordination considering lowcarbon regulations is an important topic. Product carbon
footprint is the total emission across its life cycle; it is difficult
for enterprises to optimize carbon footprint in supply chain
on their own, so cooperation between the upstream and the
downstream is essential for carbon emission reduction [20].
In order to minimize the product carbon footprint, it
must be decomposed into processes of the supply chain firstly.
Caro et al. [21] introduced an effective model to solve this
problem.
In the field of supply chain coordination, Du et al.
[22] investigated the behavior and decision-making of each
member in the emission dependent supply chain with an
emission permit supplier and an emission dependent firm
considering the “cap-and-trade” regulation. Xia et al. [23]
analyzed the joint carbon emission reduction between the
manufacturer and the supplier in considering “cap-andtrade” system and introduced transfer payment contract to
optimize carbon cutting and the supply chain profit. Yang
et al. [24] compared the impact of two carbon regulations,
mandatory emission reduction, and carbon tax on carbon
emission and the cost of supplier, retailer, and supply chain
system by means of system dynamics.
In this study, being different from existing research, we
take consumers’ low-carbon awareness into consideration
and consider emissions reduction and promotion about lowcarbon product as the factors affecting the demand function
to study promotion decisions of retailers and the carbon
emission reduction decisions of manufacturers. Besides, we
established a new side-payment contract, with that both sides
in the game can achieve the collective optimality when making individual’s decisions. The contract design can not only
meet demand for increasing revenue but also solve rationality
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and fairness issues of allocating incremental revenue in the
system and then achieve the supply chain coordination.
The rest of the paper is organized as follows. In Section 2,
we describe the problem and give out the general model
on this problem. In Section 3, centralized decision model is
constructed to be benchmarked for afterwards settings. In
Sections 4 and 5, we develop the decentralized model via
Stackelberg game without or with side-payment. In Section 6,
the side-payment contract is used to coordinate the supply
chain compared to the centralization scenario. In Section 7,
we conduct numerical study to examine models in afore
sections. In Section 8, this study comes to the end by
summarizing main insights and future extensions.

2. Problem Formulation and General Model
This paper focuses on a dyadic supply chain composed of a
manufacturer as follower and a retailer as leader in Stackelberg games. Considering consumer’s low-carbon awareness,
the manufacturer engaged in carbon emissions reduction
(deciding the volume of reduction of per unit product),
and the retailer focuses on product promoting related to its
low-carbon feature (deciding the promotion level). Also, the
retailer decides the distribution of emission reduction cost
between manufacturer and retailer (showed as Figure 1).
To simplify the study and without loss of generality,
this paper is based on the following assumptions: (1) only
one product is involved in the supply chain; (2) stock and
inventory backlog is not considered; (3) the retailers and
manufacturers earn a fixed profit per unit product (before
deducting the investment of promotion and emission reduction); (4) initial emission of per unit of product is 1, so the
emission reduction of per unit product is less than 1; the
promotion level is also less than 1.
Some parameters involved are given as follows: 𝐷𝑆, 𝐷𝐶,
𝐶, 𝐷, and 𝐷𝑇 denote Stackelberg game model with sidepayment, Stackelberg game model without side-payments,
centralized decision-making model, the initial dynamic
game model, and side-payment self-executing contract
model, respectively.
Decision Variables
𝑞: Retailer’s promotion level, 0 ≤ 𝑞 < 1
𝜃: The proportion of emission reduction cost the
retailer takes, 0 ≤ 𝜃 < 1
𝑒: The emission reduction of per unit product,
0 ≤ 𝑒 < 1.
Parameters
𝑎: Market size without considering carbon emission
reduction and promotion, 𝑎 > 0
𝐷: Product demand
𝑏: Constant coefficient, 𝑏 > 0
𝜌𝑚 : Manufacturer’s profit of per unit product without
considering carbon cutting cost, 𝜌𝑚 > 0
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𝜌𝑟 : Retailer’s profit of per unit product without considering promotion cost, 𝜌𝑟 > 0
𝛾: The coefficient of carbon emission’s effect on
demand, 𝛾 > 0
𝛿: The coefficient of promotion’s effect on demand,
𝛿>0
Π𝑚 : The profit of manufacturer
Π𝑟 : The profit of retailer
Π: The profit of the supply chain system.
In the case of the current growing concern about carbon
emissions, it has grown up to be an effective mean for
enterprises to improve product demand by reducing carbon
emissions and promoting products according to its carbon
trait.
Since carbon emission of product affects consumer’s
utility directly, companies can enhance the market demand
of product by cutting carbon emission. Laroche et al. [25] figured out that the more consumers cared about environment,
the higher price consumers would be willing to pay for green
products. Plambeck [26] also indicated that companies could
increase product market share and consumer confidence by
disclosing the information about carbon emission. Therefore,
in a low-carbon environment, in addition to providing quality
products and competitive price, reducing carbon emissions
and disclosing information related to carbon are also new
strategies for companies to increase market demand.
Retailer’s sale promotion related to low-carbon trait
of product can improve product marketing demands too.
Liu et al. [3] pointed out that the main benefit increment
of company selling environmentally friendly production
resulted from the product demand increment caused by
consumer’s environmental awareness, and eco-friendly companies should adopt some measures in marketing process
to improve consumer’s environmental awareness and turn
nongreen consumers to green consumers. In practice, large
retail stores often adopt advertising and promotion related
to the product’s low-carbon feature to shape consumer’s
value and influence the consumption action [27]. Taylor [28]
demonstrates that the retailer’s promotional effort is one of
the crucial factors affecting market demand.
Product demand increases with carbon emission reduction, but the demand increment decreases with emission
reduction. It is same as the retailer’s promotional effort.
Learning from the research of Geylani et al. [5], Yue et al. [29],
and Szmerekovsky and Zhang [30], this paper expresses the
demand function as 𝐷 = 𝑎 − 𝑏 𝑝 − 𝑏𝑒−𝛾 𝑞−𝛿 ; 𝑝 represents
the sales price. The improvement of consumer’s low-carbon
awareness is a gradual process since it is affected by consumer
cognition. Currently, consumer’s low-carbon awareness is not
very high. So it is reasonable to assume that the companies’
aim of emission reduction and related promotion is not to
enhance the sale price and gain higher average profit but
to increase market demand. In other words, the sale price
and average profit of the low-carbon product are exogenous.
Therefore, 𝑝 = 𝑐𝑚 + 𝑐𝑟 + 𝜌𝑚 + 𝜌𝑟 , 𝑐𝑚 and 𝑐𝑟 denote the cost of
per unit product for manufacturer and retailer, respectively.
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Figure 1: Manufacturer’s emission reduction, retailer- promoting cooperation, and competition.

Let 𝑎 = 𝑎 − 𝑏 (𝑐𝑚 + 𝑐𝑟 + 𝜌𝑚 + 𝜌𝑟 ); the demand function of
product could be expressed as
𝐷 = 𝑎 − 𝑏𝑒−𝛾 𝑞−𝛿 .

(1)

The costs of carbon emissions reduction and promotion
are convex in the emissions reduction of per unit product
and promotion level, respectively [31]. So the cost of carbon
emissions reduction (𝐶(𝑒)) and the cost of promotion (𝐶(𝑞))
can be expressed as (1/2)𝑢𝑚 𝑒2 and (1/2)𝑢𝑟 𝑞2 , respectively.

4. Stackelberg Game without Side-Payments
(𝐷𝐶)
In the Stackelberg game between a manufacturer and a
leading retailer, the retailer decides the level of sale promotion firstly and the manufacturer determines the emission
reduction of per unit product secondly. Objective functions
of manufacturer and retailer are shown as follows:

3. Centralized Decision-Making Model (𝐶)

1
1
Π𝐶 = (𝜌𝑚 + 𝜌𝑟 ) (𝑎 − 𝑏𝑒−𝛾 𝑞−𝛿 ) − 𝑢𝑚 𝑒2 − 𝑢𝑟 𝑞2 .
0≤𝑒<1, 0≤𝑞<1
2
2
(2)
max

Since the Hessian matrix is negative definite, the optimal
promotion levels and reductions are as follows:
𝛿𝑏 (𝜌𝑚 + 𝜌𝑟 )
]
𝑢𝑟

(𝛾+2)/(2𝛿+2𝛾+4)

𝛿𝑏 (𝜌𝑚 + 𝜌𝑟 )
𝑒𝐶 = [
]
𝑢𝑟

,

𝛾𝑏 (𝜌𝑚 + 𝜌𝑟 )
]
𝑢𝑚

𝛾𝜌𝑚 𝑏 1/(𝛾+2) −𝛿/(𝛾+2)
)
𝑞
.
𝑢𝑚

(6)

Substitute (6) into (5) and take the derivative of 𝑞; thus we
obtain
𝜕2 Π𝐷𝐶
2𝛿 (2𝛿 + 𝛾 + 2)
𝛾𝜌 𝑏 −𝛾/(𝛾+2)
𝑟
=−
𝑏𝜌𝑟 ( 𝑚 )
2
2
𝜕𝑞
𝑢𝑚
(𝛾 + 2)

(7)

× 𝑞(−2𝛾−2𝛿−4)/(𝛾+2) − 𝑢𝑟 < 0,
so Π𝐷𝐶
𝑟 is concave in 𝑞.
= (2𝛿/(𝛾 + 2))𝑏𝜌𝑟 (𝛾𝜌𝑚 𝑏/𝑢𝑚 )−𝛾/(𝛾+2)
Let 𝜕Π𝐷𝐶
𝑟 /𝜕𝑞
(−2𝛿−𝛾−2)/(𝛾+2)
𝑞
− 𝑢𝑟 𝑞 = 0; the optimal promotion level is
obtained as

(3)

(𝛾+2)/(2𝛿+2𝛾+4)

2𝛿𝑏𝜌𝑟
]
𝑢𝑟 (𝛾 + 2)

(

𝛾𝜌𝑚 𝑏 −𝛾/(2𝛿+2𝛾+4)
)
. (8)
𝑢𝑚

Substitute 𝑞𝐷𝐶 into (6); the optimal emission reduction could
be expressed as

(𝛿+2)/(2𝛿+2𝛾+4)

×[

(5)

𝑒=(

𝑞𝐷𝐶 = [

−𝛿/(2𝛿+2𝛾+4)

1
max Π𝐷𝐶
= 𝜌𝑟 (𝑎 − 𝑏𝑒−𝛾 𝑞−𝛿 ) − 𝑢𝑟 𝑞2 .
𝑟
2

2
−𝛾−2 −𝛿
𝑞 − 𝑢𝑚 < 0, Π𝐷𝐶
Since 𝜕2 Π𝐷𝐶
𝑚 /𝜕𝑒 = −𝛾(𝛾 + 1)𝜌𝑚 𝑏𝑒
𝑚
𝐷𝐶
is the concave function of 𝑒. Let 𝜕Π𝑚 /𝜕𝑒 = 𝛾𝜌𝑚 𝑏𝑒−𝛾−1 𝑞−𝛿 −
𝑢𝑚 𝑒 = 0; 𝑒 could be obtained as follows:

−𝛾/(2𝛿+2𝛾+4)

𝛾𝑏 (𝜌𝑚 + 𝜌𝑟 )
×[
]
𝑢𝑚

(4)

0≤𝑞<1

The double marginal effect resulted from decentralized
decision-making in supply chain usually results in a suboptimal profit of the system. If there is a stimulus conditions
or a binding agreement which could make the participators
make decision centrally and get more profits, centralized
decision-making is possible. Under the situation of centralized decision-making, a system integrator replaces two game
participants to make decisions to optimize the total profit of
the system. The objective function could be expressed as

𝑞𝐶 = [

1
−𝛾 −𝛿
2
max Π𝐷𝐶
𝑚 = 𝜌𝑚 (𝑎 − 𝑏𝑒 𝑞 ) − 𝑢𝑚 𝑒 ,
2

0≤𝑒<1

.

𝑒𝐷𝐶 = [

2𝛿𝑏𝜌𝑟
]
𝑢𝑟 (𝛾 + 2)

−𝛿/(2𝛿+2𝛾+4)

(

𝛾𝜌𝑚 𝑏 (𝛿+2)/(2𝛿+2𝛾+4)
)
. (9)
𝑢𝑚
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5. Stackelberg Game with Side-Payments (𝐷𝑆)
Product demand increases with carbon emission reduction.
It provides opportunity for both the manufacturer and the
retailer to enhance their profit while only the cost of manufacturer increases. In the supply chain dominating by retailer,
a side-payment contract requiring the retailer sharing part
of manufacturer’s cost of emission reduction will encourage
the manufacturer to improve its emission reduction. For
the retailers, as long as cost increment is lower than profits
increment caused by emission reduction, they are willing to
share the carbon cutting cost. Assume that the proportion of
emission reduction cost taken by the retailer is 𝜃; both players
still perform Stackelberg game. The retailer determines the
promotion level (𝑞) and the proportion of cost allocation
(𝜃); then manufacturer determines the emission reduction of
per unit products (𝑒). The objective functions of both players
could be expressed as follow:
−𝛾 −𝛿
max Π𝐷𝑆
𝑚 = 𝜌𝑚 (𝑎 − 𝑏𝑒 𝑞 ) −

0≤𝑒<1

1
(1 − 𝜃) 𝑢𝑚 𝑒2 ,
2

1
1 2
−𝛾 −𝛿
2
max Π𝐷𝑆
𝑟 = 𝜌𝑟 (𝑎 − 𝑏𝑒 𝑞 ) − 𝜃𝑢𝑚 𝑒 − 𝑢𝑟 𝑞 .
2
2

0≤𝑞<1,
0≤𝜃<1

(10)
(11)

With backward induction method, the optimal emission
reduction level can be obtained as
𝑒=(

1/(𝛾+2)
𝛾𝑏𝜌𝑚
)
𝑞−𝛿/(𝛾+2) .
𝑢𝑚 − 𝜃𝑢𝑚

(12)

Obviously, 𝑒 = (𝛾𝑏𝜌𝑚 /𝑢𝑚 )1/(𝛾+2) 𝑞−𝛿/(𝛾+2) is the particular
case of 𝑒 = (𝛾𝑏𝜌𝑚 /(𝑢𝑚 − 𝜃𝑢𝑚 ))1/(𝛾+2) 𝑞−𝛿/(𝛾+2) when 𝜃 = 0. We
obtain 𝜕𝑒/𝜕𝜃 > 0, 𝜕𝑒/𝜕𝜌𝑚 > 0, and 𝜕𝑒/𝜕𝑞 < 0, 𝜕𝑒/𝜕𝑢𝑚 < 0
from (6) and (12). So we draw conclusions as follows.
Conclusion 1. In the Stackelberg game, (1) the emission
reduction level (𝑒) decreases with the promotional level (𝑞)
whether a side-payment exits or not; (2) with a side-payment,
the emission reduction level 𝑒 increases with the cost sharing
proportion (𝜃).
In (6) and (12), 𝑒 is not the optimal emission reduction
level but the emission reduction reaction function about
promotion level (𝑞). It is the decision basis of the manufacturer. From (6) and (12), we know that 𝑒 increases with
𝜃. It means that it is effective for the retailer to encourage
the manufacturer to enhance the emission reduction level by
sharing its carbon cutting cost. So it is possible for the two
players to cooperate in emission reduction. At the same time,
the manufacturer’s emission reduction level decreases with
the promotion level. It means that “free riding” is possible
in cooperation. In other words, the manufacturer might cut
down its carbon cutting level while the retailer enhances
the promotion level. So the retailer should take measures to
prevent or alleviate “free riding.” Providing side-payment for
emission reduction is one of the effective measures.

Substituting (12) into (11), then the optimal cost-sharing
proportion 𝜃, promotion level 𝑞, and emission reduction level
could be obtained as

𝐷𝑆

𝜃

2𝜌𝑟 − 𝛾𝜌𝑚 − 2𝜌𝑚
1
{
, if 𝜌𝑟 > (𝛾 + 2) 𝜌𝑚,
{ 2𝜌 − 𝛾𝜌
2
𝑟
𝑚
={
1
{
0,
if 𝜌𝑟 ≤ (𝛾 + 2) 𝜌𝑚 ,
{
2
𝑞𝐷𝑆 = [

𝛾𝑏 (2𝜌𝑟 − 𝛾𝜌𝑚 )
]
2𝑢𝑚

×[
𝑒𝐷𝑆 = [

−𝛾/(2𝛾+2𝛿+4)

𝛿𝑏 (2𝜌𝑟 − 𝛾𝜌𝑚 )
]
2𝑢𝑟

𝛾𝑏 (2𝜌𝑟 − 𝛾𝜌𝑚 )
]
2𝑢𝑚

×[

(𝛾+2)/(2𝛾+2𝛿+4)

,

(13)

(𝛿+2)/(2𝛾+2𝛿+4)

𝛿𝑏 (2𝜌𝑟 − 𝛾𝜌𝑚 )
]
2𝑢𝑟

−𝛿/(2𝛾+2𝛿+4)

.

Based on the above analysis, we can get Conclusions 2, 3,
and 4 shown as follows.
Conclusion 2. In Stackelberg game, the retailer will share the
manufacturer’s carbon cutting cost only if 𝜌𝑟 > (1/2)(𝛾+2)𝜌𝑚 ,
and the cost allocation increases with 𝜌𝑟 but decreases with
𝜌𝑚 .
Conclusion 2 shows that the retailer will share the
emission reduction cost only when its profit of per unit
product is higher enough than that of the manufacturer. Since
𝜕𝜃𝐷𝑆 /𝜕𝜌𝑟 > 0 and 𝜕𝜃𝐷𝑆 /𝜕𝜌𝑚 < 0, the higher 𝜌𝑟 or lower 𝜌𝑚 is,
the more emission reduction cost the retailer will bear. Cost
sharing will encourage the manufacture to enhance carbon
cutting level and then improve the product demand. So the
retailer will share the manufacturer’s cost as long as the cost
increment resulted from cost sharing is lower than the profit
increment resulted from demand improvement. On the other
hand, the higher the 𝜌𝑟 is the more the retailer benefits from
product demand increment and the more he is capable of
sharing the manufacturer’s cost. So the higher 𝜌𝑟 is, the higher
𝜃 is. On the contrary, the higher 𝜌𝑚 is, the more profit the
manufacturer benefits from product demand improvement,
so the lower cost-sharing level the retailer takes.
Since 𝜕𝑒𝐷𝑆 /𝜕𝜌𝑚 < 0 and 𝜕𝑒𝐷𝑆 /𝜕𝜌𝑟 > 0, the optimal
emission reduction level 𝑒𝐷𝑆 decreases with the manufacturer’s profit of per unit product 𝜌𝑚 and increases with the
retailer’s profit of per unit product 𝜌𝑟 . In order to balance the
players’ profit and encourage the manufacturer to improve
carbon cutting, the retailer needs to share the manufacturer’s
emission reduction cost; that is, 𝜃𝐷𝑆 > 0.
Actually, the retailer will not share the manufacturer’s
cost if 𝜌𝑟 ≤ (1/2)(𝛾 + 2)𝜌𝑚 , and the players will perform
the Stackelberg game without side-payments, so the optimal
emission level and promotion level will be equal as 𝑒𝐷𝐶 and
𝑞𝐷𝐶, respectively.

6
Conclusion 3. (1) The optimal promotion level increases with
𝜌𝑟 and 𝑢𝑚 but decreases with 𝜌𝑚 and 𝑢𝑟 whether or not
side-payments exist. (2) The optimal emission reduction level
increases with 𝑢𝑟 but decreases with 𝑢𝑚 whether or not
a side-payments exist. (3) The optimal emission reduction
level increases with 𝜌𝑚 but decreases with 𝜌𝑟 without sidepayments existing, and it is contrary to the case of sidepayments existing.
No matter what kind of game is performed, the emission
reduction level reaches the optimal value when the manufacturer’s marginal cost of carbon emission is equal to its
marginal income. In fact, the manufacturer’s profit of per
unit of product disregarding emission reduction, 𝜌𝑚 , is the
marginal income. Since 𝜌𝑚 is fixed, the higher 𝑢𝑚 is the
lower emission reduction level 𝑒 is. Similarly, the higher the
retailer’s promotion cost is, the lower promotion level is, and
the more important enhancing emission reduction level is for
improving product demand. So the optimal promotion level
increases with 𝑢𝑚 and decreases with 𝑢𝑟 .
The higher retailer’s profit of per unit product (𝜌𝑟 )
is, the more profit retailer gains from market demand
improvement, and the greater incentive the retailer has to
enhance promotion level. The higher the manufacturer’s
profit of per unit product (𝜌𝑚 ) is, the greater the retailer
relies on the manufacturer to improve market demand. It
is same for the manufacturer’s optimal emission reduction
level in case of Stackelberg game without side-payment. But
the higher 𝜌𝑟 is, the higher 𝜃𝐷𝑆 is. It means that the more
carbon cutting cost the retailer will take, the less cost the
manufacturer will take by itself. In fact, the manufacturer’s
actual marginal cost of emission reduction decreases. So the
optimal emission reduction level will increase. In contrary,
the higher 𝜌𝑚 is, the lower 𝜃𝐷𝑆 is, and the lower optimal
emission reduction level is.
Conclusion 4. (1) In Stackelberg game, the optimal level
of emission reduction with side-payment is higher than
that without side-payment; that is, 𝑒𝐷𝑆 > 𝑒𝐷𝐶. (2) In the
Stackelberg game, the optimal promotion level with sidepayment is higher than that without side-payment if ((2𝜌𝑟 −
𝛾𝜌𝑚 )/2)2/(2𝛾+2𝛿+4) > (2𝜌𝑟 /(𝛾 + 2))(𝛾+2)/(2𝛿+2𝛾+4) 𝜌𝑚 −𝛾/(2𝛿+2𝛾+4) ;
that is, 𝑞𝐷𝑆 > 𝑞𝐷𝐶; otherwise, 𝑞𝐷𝑆 ≤ 𝑞𝐷𝐶. (3) Cost allocation
related to emission reduction between the retailer and the
manufacturer results in a Pareto improvement of the supply
𝐷𝑆
> Π𝐷𝐶
>
chain profit; that is, Π𝐷𝑆 > Π𝐷𝐶, Π𝐷𝑆
𝑚
𝑚 , and Π𝑟
𝐷𝐶
Π𝑟 .
Conclusion 4 is proved in the appendix.
Conclusion 4 shows that the retailer realizes encouraging
the manufacturer to improve emission reduction by sharing
its cost, but it is determined by the value of parameters
whether the promotion level is improved or not. Since Π𝐷𝑆 >
𝐷𝑆
𝐷𝐶
Π𝐷𝐶, Π𝐷𝑆
> Π𝐷𝐶
𝑚
𝑚 , and Π𝑟 > Π𝑟 , the profits of the supply
chain system and those of both players are improved by cost
allocation between the players. In other words, the retailer
would be stimulated to share the manufacturer’s cost as long
as 𝜌𝑟 > (1/2)(𝛾 + 2)𝜌𝑚 . So great possibility for cooperation
related to carbon cutting between the players exists.
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6. Supply Chain Coordination Based on
Side-Payment Contract Design
The optimal decisions of the players in case of centralized
decision-making and Stackelberg equilibrium with a sidepayment or not have been analyzed, respectively. The Pareto
equilibrium point of the supply chain is achieved as (𝑞𝑐 , 𝑒𝑐 )
without considering the cost of resource allocation between
the manufacturer and the retailer. The corresponding system
profit is the benchmark of the supply chain profit. Obviously,
this optimal system profit could not be obtained because of
double marginalization between the players in case of decentralized decision-making. But centralized decision-making is
possible as long as both players could gain more profit than
that in case of noncooperation. Of course, two important conditions, participation constraint and incentive compatibility
constraint, are necessary for centralized decision-making.
Also, reasonable distribution of the profit increment resulting
from centralized decision-making is essential.
In the following section, a new side-payment selfexecuting contract (SSEC) is designed to equalize the game
equilibrium between the players in case of decentralized
decision-making and that in case of centralized decisionmaking. Actually, SSEC is firstly proposed by He and Zhao
[32], to which one can refer for learning more details in
inducing and designing processes of SSEC this theory and
mechanism method. Then the Pareto optimality of the system
is realized and both the participation constraint and the
incentive compatibility constraint are met. Assume the profits
of manufacturers and retailers without side-payment self𝐷
executing contracts are Π𝐷
𝑚 (𝑞, 𝑒) and Π𝑟 (𝑞, 𝑒), and those
with side-payment self-executing contracts are Π𝐷𝑇
𝑚 (𝑞, 𝑒) and
𝐷𝑇
Π𝑟 (𝑞, 𝑒), respectively.
For convenience, a nonlinear function of 𝑞 and 𝑒 is
assumed as 𝑇(𝑞, 𝑒) = 𝑥𝑞2 +𝑦𝑒2 and the side-payment function
̃ 𝑒) = 𝑥𝑞2 + 𝑦𝑒2 + 𝑔. In which, 𝑥 and 𝑦 are given as
is 𝑇(𝑞,
nonnegative constants, and 𝑔 is a constant. Then the objective
functions of manufacturer and retailer could be defined as
follows, respectively (the real shift direction of side-payment
̃ 𝑒)):
is decided by sigh of 𝑇(𝑞,
1
−𝛾 −𝛿
2
max Π𝐷𝑇
𝑚 (𝑞, 𝑒) = 𝜌𝑚 (𝑎 − 𝑏𝑒 𝑞 ) − 𝑢𝑚 𝑒 + 𝑇 (𝑞, 𝑒) + 𝑔,
2

0≤𝑒<1

1 2
−𝛾 −𝛿
max Π𝐷𝑇
𝑟 (𝑞, 𝑒) = 𝜌𝑟 (𝑎 − 𝑏𝑒 𝑞 ) − 𝑢𝑟 𝑞 − 𝑇 (𝑞, 𝑒) − 𝑔.
2
(14)

0≤𝑞<1

𝐷𝑇
Both Π𝐷𝑇
𝑚 (𝑞, 𝑒) and Π𝑟 (𝑞, 𝑒) could be proved as the
concave functions of 𝑒 and 𝑞. A Stackelberg game is played
between the retailer and the manufacturer. The retailer as
the leader makes decision firstly; then the manufacturer
decides the emission reduction level. In this case, the optimal
decisions of the players could be obtained as follows:

𝑞𝐷𝑇 = (

𝛾𝑏𝜌𝑚 −𝛾/(2𝛾+2𝛿+4)
)
𝑢𝑚 − 2𝑦

×[

2𝛿𝑏 (𝛾𝑦𝜌𝑚 + 𝑢𝑚 𝜌𝑟 − 2𝑦𝜌𝑟 )
]
(𝛾 + 2) (𝑢𝑚 − 2𝑦) (𝑢𝑟 − 2𝑥)

(𝛾+2)/(2𝛾+2𝛿+4)

,

Discrete Dynamics in Nature and Society
𝑒𝐷𝑇 = (

7

𝛾𝑏𝜌𝑚 (𝛿+2)/(2𝛾+2𝛿+4)
)
𝑢𝑚 − 2𝑦

×[

2𝛿𝑏 (𝛾𝑦𝜌𝑚 + 𝑢𝑚 𝜌𝑟 − 2𝑦𝜌𝑟 )
]
(𝛾 + 2) (𝑢𝑚 − 2𝑦) (𝑢𝑟 − 2𝑥)

−𝛿/(2𝛾+2𝛿+4)

.
(15)

If the participation constraint and the incentive
compatibility constraint are satisfied, the decision-making in
Stackelberg game with the new side-payment self-executing
contract will be the same as that in centralized decisionmaking. The participation constraint ensures that both of
the players are willing to participate in the cooperation.
Incentive compatibility constraint makes sure that the
decision-making according to individual rationality equals
to the optimal Pareto equilibrium.
Π𝐷𝑇
𝑚 (𝑞, 𝑒)

Π𝐷
𝑚 (𝑞, 𝑒);

Π𝐷𝑇
𝑟 (𝑞, 𝑒)

≥
≥
Participation Constraint.
Π𝐷
(𝑞,
𝑒).
Both
the
manufacturer
and
the
retailer
are
able
to
𝑟
gain more profit in the case of side-payment self-executing
contract than that before this contract is adopt.
Incentive Compatibility Constraint. (𝑞𝐷𝑇 , 𝑒𝐷𝑇 ) = (𝑞𝐶, 𝑒𝐶).
The game equilibrium in case of side-payment self-executing
contracts is the same as that in case of centralized decisionmaking.
To demonstrate the side-payment function, the value of
𝑥, 𝑦, and 𝑔 is required. According to incentive compatibility
constraint, and setting 𝑞𝐷𝑇 = 𝑞𝐶, 𝑒𝐷𝑇 = 𝑒𝐶, we can obtain
𝑢 𝜌 (𝛾𝜌𝑚 + 𝜌𝑚 − 𝜌𝑟 )
1
𝑥 = 𝑢𝑟 − 𝑟 𝑟
,
2
(𝛾 + 2) (𝜌𝑚 2 − 𝜌𝑟 2 )
𝑢 𝜌
𝑦= 𝑚 𝑟 .
𝜌𝑚 + 𝜌𝑟

∗
)=
alternating offers game which can be expressed as (𝛿𝑟∗ , 𝛿𝑚
((1 − 𝜃𝑟 )/(1 − 𝜃𝑟 𝜃𝑚 ), (𝜃𝑟 − 𝜃𝑟 𝜃𝑚 )/(1 − 𝜃𝑟 𝜃𝑚 )). The discount
factor usually can be regarded as the game players’ patience
degree. The larger the discount factor is, the more patient the
game participant is and will have greater influence on the
game. And the more patient participant will suffer less lost
or opportunity cost resulted from time delay than the less
patient participant. [i] In this paper,
𝐷 𝐷
ΔΠ𝑚 = Π𝐶𝑚 (𝑞𝐶, 𝑒𝐶) + 𝑇 (𝑞𝐶, 𝑒𝐶) + 𝑔 − Π𝐷
𝑚 (𝑞 , 𝑒 )

= 𝛿𝑚 ΔΠ,
𝐷 𝐷
ΔΠ𝑟 = Π𝐶𝑟 (𝑞𝐶, 𝑒𝐶) − 𝑇 (𝑞𝐶, 𝑒𝐶) − 𝑔 − Π𝐷
𝑟 (𝑞 , 𝑒 )

(17)

= 𝛿𝑟 ΔΠ,
ΔΠ𝐶 = ΔΠ𝑚 + ΔΠ𝑟 .
Based on (17), 𝑔 could be obtained as follows:
𝐷𝑆 𝐷𝑆
𝑔 = 𝛿𝑟 [Π𝐶𝑚 (𝑞𝐶, 𝑒𝐶) + 𝑇 (𝑞𝐶, 𝑒𝐶) − Π𝐷𝑆
𝑚 (𝑞 , 𝑒 )]
𝐷𝑆 𝐷𝑆
− 𝛿𝑚 [Π𝐶𝑟 (𝑞𝐶, 𝑒𝐶) + 𝑇 (𝑞𝐶, 𝑒𝐶) − Π𝐷𝑆
𝑟 (𝑞 , 𝑒 )] .

(18)

According to the result of game equilibrium above and
(18), the value of 𝑔 can be determined. Thus, the new sidepayment self-executing contract can be identified. In decentralized decision-making situation, the players will make
their own optimal decisions based on individual rationality.
In order to achieve the centralized decision-making system
performance in decentralized decision-making set, anyone of
the payers could provide the side-payment to the other player
to influence their payoff functions.

(16)

̃ 𝑒) = [(1/2)𝑢𝑟 − 𝑢𝑟 𝜌𝑟 (𝛾𝜌𝑚 + 𝜌𝑚 − 𝜌𝑟 )/(𝛾 +
Thus 𝑇(𝑞,
2
̃ 𝑒) could
2)(𝜌𝑚 − 𝜌𝑟 2 )]𝑞2 + (𝑢𝑚 𝜌𝑟 /(𝜌𝑚 + 𝜌𝑟 ))𝑒2 + 𝑔. Then, 𝑇(𝑞,
be determined as long as the value of 𝑔 is determined.
Much of the existing literature adopts Nash bargaining
theory to distribute the incremental profit of the system
between the players in perfect information static game. Nash
bargaining theory fits for distributing profit in cooperative
game. And a binding agreement is necessary for cooperative
game. In fact, since the power structure of the supply chain
is unbalanced, the dominant player would not be willing
to participate in cooperative game. So the Nash bargaining
solution is not always realistic. On the other hand, frequently
trades between the upstream and the downstream of the
supply chain are similar to the multiperiod bargaining game
model. So it is reasonable to adopt Rubinstein bargaining
game to simulate the process of profit allocation.
Let 𝜃𝑟 and 𝜃𝑚 denote the discount factors of retailer
and manufacturer, respectively. And let 𝛿𝑟 and 𝛿𝑚 denote
the share of profit increment resulting from cooperation
of the retailer and the manufacturer, respectively (𝛿𝑟 +
𝛿𝑚 = 1). Rubinstein [33] has proved that there is a unique
subgame refining Nash equilibrium in an indefinite duration

7. Numerical Analysis
In the following section, numerical analysis is adopted to
explore the impact of 𝛾 and 𝛿 on the decision-making and
profit of the retailer and manufacturer. The related parameters
are set as follows.
In order to analyze the impact of 𝛾, let 𝑎 = 800, 𝑏 = 40,
𝜌𝑚 = 10, 𝜌𝑟 = 25, 𝛿𝑟 = 0.6, 𝛿𝑚 = 0.4, 𝑢𝑚 = 10000, 𝑢𝑟 = 12000,
𝛿 = 4, and 1 ≤ 𝛾 ≤ 3.
In order to analyze the impact of 𝛿, let 𝑎 = 800, 𝑏 = 40,
𝜌𝑚 = 10, 𝜌𝑟 = 30, 𝛿𝑟 = 0.6, 𝛿𝑚 = 0.4, 𝑢𝑚 = 10000, 𝑢𝑟 = 14000,
𝛾 = 2.2, and 1 ≤ 𝛿 ≤ 5.
The result of numerical analysis is shown from Figure 3
to Figure 11. Shown as from Figure 3 to Figure 11, conclusion
1 to conclusion 4 are proved and some important findings are
discovered.
(1) In case of decentralized decision the profits of both
players increase because of the new side-payment selfexecuting contract, and the optimal system profit is equal to
that in centralized decision set. It is proved that the requirements of participation constraint, incentive compatibility,
and justice of profit allocation are met.
(2) As shown in Figure 2, no matter in decentralized
decision or in centralized decision, the optimal emission
reduction level of the manufacturer increases with 𝛾. The
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Figure 3: Impact of 𝛾 on optimal promotion level.

Figure 2: Impact of 𝛾 on optimal emission reduction.

optimal emission reduction levels in both of the centralized
decision and the Stackelberg game with side-payment are
higher than those in Stackelberg game without side-payment.
From the case without side-payment to which a side-payment
contract is executed, the increment of optimal emission
reduction level decreases with 𝛾.
The bigger 𝛾 is, the greater emission reduction affects
product demand and the more effective it is to improve
product demand by means of enhancing carbon cutting level.
For a rational decision maker, efficiency of profit improving
is the only criterion for adopting emission reduction or sale
promotion to enhance product demand. So the optimal emission reduction level increases with 𝛾 whether in centralized
decision or not.
It has been proved that the optimal emission reduction
with side-payment is more than that without side-payment
in Stackelberg game.
When 𝜌𝑟 > (1/2)(𝛾+2)𝜌𝑚 , 𝜃𝐷𝑆 = (2𝜌𝑟 −𝛾𝜌𝑚 −2𝜌𝑚 )/(2𝜌𝑟 −
𝛾𝜌𝑚 ) and 𝜕𝜃𝐷𝑆 /𝜕𝛾 < 0. It means that 𝜃𝐷𝑆 decreases with
𝛾. In other words, the higher 𝛾 is, the lower the proportion
of emission reduction cost the retailer will take, and the less
effective to encourage the manufacturer to improve emission
reduction. Therefore, from the game without a side-payment
contract to that with a side-payment contract, the increment
of emission reduction decreases with 𝛾 until 𝜌𝑟 ≤ (1/2)(𝛾 +
2)𝜌𝑚 (𝜃𝐷𝑆 = 0).
(3) As shown in Figure 3, the optimal promotion level
decreases with 𝛾 no matter in case of decentralized decision
or in centralized decision.
The bigger 𝛾 is, the lower relative importance of promotion is for product demand improvement. So the optimal
promotion level decreases with 𝛾.
As shown in Figure 3 and proved previously, the optimal
emission reduction level with side-payment is higher than
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Figure 4: Impact of 𝛿 on optimal emission reduction.

that without side-payment if ((2𝜌𝑟 − 𝛾𝜌𝑚 )/2)2/(2𝛾+2𝛿+4) ≤
(2𝜌𝑟 /(𝛾 + 2))(𝛾+2)/(2𝛿+2𝛾+4) 𝜌𝑚 −𝛾/(2𝛿+2𝛾+4) . Also, an opposite
conclusion could be obtained if ((2𝜌𝑟 − 𝛾𝜌𝑚 )/2)2/(2𝛾+2𝛿+4) >
(2𝜌𝑟 /(𝛾 + 2))(𝛾+2)/(2𝛿+2𝛾+4) 𝜌𝑚 −𝛾/(2𝛿+2𝛾+4) .
At the same time, Figure 3 proves again that the retailer
does not share the manufacturer’s emission reduction cost if
𝜌𝑟 ≤ (1/2)(𝛾 + 2)𝜌𝑚 , and it means that the side-payment is
zero.
(4) As shown in Figures 4 and 5, the optimal promotion
level of the retailer increases with 𝛿, and the optimal emission
reduction level increases first and then decreases with 𝛿
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Figure 6: Impact of 𝛾 on manufacturers profits.

whether in case of decentralized decision or centralized decision. The increment of optimal emission reduction decreases
with 𝛿 but that of the optimal promotion level increases with
𝛿 between different decision-making modes.
Though 𝛿 does not affect retailer’s payment for the
manufacturer’s emission reduction cost, it does influence the
difference of the optimal emission reduction levels between
the game with side-payment and that without side-payment.
And the increment of optimal emission reduction decreases
with 𝛿 but that of the optimal promotion level increases with
𝛿 between different decision-making modes. It means that the
bigger 𝛿 is, the less effective the incentive for encouraging the
manufacturer to improve carbon cutting is. So as 𝛿 increases,
the retailer prefers to invest in promotion but not in sharing
the manufacturer’s cost. Also the optimal promotion level
increases with 𝛿.
(5) As 𝛾 increases, the optimal profit of the manufacturer
decreases; the optimal profit of the retailer firstly decreases
and then increases and the total profit of the supply chain
decreases. As 𝛿 increases, the optimal profit of the retailer
decreases; the optimal profit of the manufacturer decreases
firstly and then increases and the total profit of the supply
chain decreases.
As 𝛾 increases, the optimal emission reduction of the
manufacturer increases while its optimal profit decreases. But
it does not mean that the manufacturer’s profit decreases with
the emission reduction level when the exogenous variables,
such as 𝛾, are definite. The increasing 𝛾 means the improving
consumer low-carbon awareness. Companies’ carbon cutting
stress increases with 𝛾 and they have to improve emission
reduction to satisfy consumers. But as a result, the marginal
cost of emission reduction increases. So the optimal emission
reduction level increases with 𝛾, but the optimal profit of
the manufacturer decreases with 𝛾. In other words, the
manufacturer’s optimal emission reduction increases while

its optimal profit decreases. It means that the total profit
of manufacturer and retailer decreases while the consumer
utility increases. That is because the negative externality of
carbon emission decreases as emission reduction improves.
As emission reduction increases, the product demand
increases and the retailer get more profit without raising
promotion level. Since the optimal promotion level decreases
with 𝛾 and it results in the reduction of product demand, the
optimal profit of the retailer decreases first and then increases.
In fact, the balance between the increasing emission reduction and the decreasing promotion level is gradual. Similarly,
as 𝛿 increases, the manufacturer’s optimal profit decreases
firstly and then increases.
An increasing 𝛿 means that promotion’s effect on market
demand is increasing. In other words, consumer’s voice rises
in the game between consumer and retailer, so retailer’s
optimal profit decreases with 𝛿. But when 𝛿 is determined,
raising promotion level can improve the retailer’s profit really.
Then we get to know that as 𝛾 and 𝛿 increase, consumers’
voice rises in the game between them and companies;
consumer surplus increases, but the total profit of the supply
chain (including manufacturer and retailer) decreases gradually.
(6) As shown from Figure 8 to Figure 11, the optimal profit
of the supply chain in centralized decision-making setting is
more than that in decentralized decision-making setting. But
as shown in Figures 6, 7, 9, and 10, the same conclusion does
not always apply to both of the retailer and the manufacture.
So, it is not easy for the retailer and the manufacture, when
they make a decision according to individual rationality,
to achieve the same decision-making effect in centralized
decision-making. Then a new contract is necessary for the
supply chain to obtain profit when the players make a decision
individually as much as that in centralized decision making.
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Figure 7: Impact of 𝛾 on retailers profits.
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Figure 10: Impact of 𝛿 on retailers profits.

Figure 8: Impact of 𝛾 on supply chain profits.

8. Conclusion
It is more and more obvious that carbon emission of
product affects market demand as consumer’s low-carbon
consciousness improves. Retailers play the leading roles in
many industries and they tend to take advantage of their
buyer power to gain more profit. In fact, the retailer and
the manufacture can cooperate and compete at the same
time as long as cooperation results in profit increase for both
of them. One of the approaches to cooperate is that the
retailer pays side-payment for the manufacturer’s emission
reduction. Although it is helpful for improving profits of both

of the players, the system profit is not able to achieve Pareto
optimality. It is proved that Pareto optimality of the system
profit can be gained with the mode of centralized decision,
but the allocation of profit must be executed under “fair and
reasonable” conditions.
Therefore, this paper analyzes the optimal decisions
of the manufacture and the dominant retailer in different
game models considering the impact of emission reduction
and promotion related to the product’s low-carbon feature
on product demand. Then, the paper designs a new sidepayment self-executing contract to optimize the system profit
and resolve the problem of fairness and reasonability in profit
allocation. Our study shows that it is effective to encourage
the manufacturer to improve emission reduction by means

Discrete Dynamics in Nature and Society

11
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)
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Since (2𝜌𝑟 − 𝛾𝜌𝑚 )/2𝜌𝑚 > 1, ((2𝜌𝑟 − 𝛾𝜌𝑚 )/2𝜌𝑚 )(𝛿+2)/(2𝛾+2𝛿+4) >
((2𝜌𝑟 − 𝛾𝜌𝑚 )/2𝜌𝑚 )𝛿/(2𝛾+2𝛿+4) . Consider

𝛿
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𝑒𝐷𝑆
=
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Figure 11: Impact of 𝛿 on supply chain profits.

of sharing its cost in carbon cutting. At the same time,
the retailer will share the manufacturer’s cost only if their
marginal profit and consumer’s low-carbon consciousness
meet certain conditions. Although cost allocation is helpful
for improving profits of both of the players, the system profit
is not able to achieve Pareto optimality. But the new sidepayment self-executing contract is effective in achieving this
goal. At the same time, it is an important approach to realize
fairness and reasonability in profit allocation. Numerical
analysis shows that the optimal profits of companies decrease,
the negative external effect of carbon emission decreases,
and the consumer utility increases as consumer’s low-carbon
consciousness increases.
The paper is based on a two-echelon supply chain with
deterministic product demand considering only one retailer
and one manufacturer. The research on coordination of
supply chain network with stochastic product demand considering carbon regulations is the further research direction.

≥
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(A.2)
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≥ 1;

that is, 𝑒𝐷𝑆 > 𝑒𝐷𝐶. Consider
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(A.3)
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Appendix
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(A.4)

>
𝑞𝐷𝐶 if ((2𝜌𝑟 − 𝛾𝜌𝑚 )/2)2/(2𝛾+2𝛿+4) −
𝑞𝐷𝑆
(𝛾+2)/(2𝛿+2𝛾+4)
(2𝜌𝑟 /(𝛾 + 2))
𝜌𝑚 −𝛾/(2𝛿+2𝛾+4) > 0; otherwise
𝐷𝑆
𝐷𝐶
𝑞 ≤𝑞 .
(3) In the Stackelberg game with side-payments (𝑒𝐷𝑆 , 𝑞𝐷𝑆 ,
𝐷𝑆
𝜃 ) is the unique optimal solution for the retailer. So the
retailer’s profit in this case is more than the case that the
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emission reduction, promotion level, and cost sharing is 𝑒𝐷𝐶,
𝑞𝐷𝐶, and 𝜃 = 0, respectively. Consider
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We have max Π𝐷𝑆
𝑟 > max Π𝑟 , max Π𝑚 > max Π𝑚 , and
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