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GREEN DESIGN STRATEGIES FOR SUSTAINABLE SUPPLY CHAIN
CONSIDERING CHANNEL LEADERSHIP

FENGMIN YAaol*, YINGLUO YAN!, LIKUN Liu? AND J1AYI SUN!

Abstract. We have observed from practice that to create new economic and environmental values,
both the upstream and downstream firms in sustainable supply chain are motivated to invest in green
design. Channel leadership as an important factor affecting the channel profit distribution will reshape
the investment motivation of enterprises. In this paper, we construct six kinds of pricing and green
design decision models to explore the optimal green design strategies for sustainable supply chain
consisting of one manufacturer and one retailer under different channel leadership, and investigate the
interaction between channel leadership and green design strategy, and their impacts on sustainable
supply chain performance, environment and consumer surplus. We find that regardless of the channel
leadership, the wholesale and retail prices of products under different green design strategies are always
affected by the cost effect of green design. In terms of boosting the green design level and market
demand, increasing the consumer surplus and enterprises profits, only when the manufacturer is the
channel leader and the green design cost effect is small, the retailer can implement green design better.
Moreover, when the manufacturer implements green design, the better channel structure between the
retailer-led and Nash equilibrium game depends on the green design cost effect, but both are better
than the manufacturer-led. However, when the retailer implements green design, the channel structure
of Nash equilibrium game is always better. We finally illustrate that under different channel leadership,
which green design strategy is more conducive to reducing the total environment impact of products
depends on the joint effect of green design cost effect and green design environment effect.

Mathematics Subject Classification. 90B50, 91A80.

Received October 6, 2023. Accepted March 4, 2024.

1. INTRODUCTION

Facing the challenges of the global environmental crisis, many countries have raised the establishment of
sustainable supply chains guided by environmental protection and resource conservation to a national strategic
level [4,9,28]. The sustainable development of supply chain has become one of the most important research topics
in the field of supply chain management and operation management in recent years [21,52]. Green design, also
known as environmental design or ecological design, as an effective means to improve the utilization of resources
and reduce the emission of pollutants, has become one of the important ways for enterprises to realize the
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sustainable development of supply chain [23,38,45]. It is estimated that 80% of the sustainability is determined
in the product design stage [23]. Therefore, exploring the best green design strategy for sustainable supply chain
can help enterprises use resources in the furthest economical and environmentally friendly manner, and help
maximize economic, social and environmental benefits [45,51].

As we known, green design has many obvious advantages, including helping enterprises reduce resource
consumption and pollutant emissions in the production and operation process, meeting consumers’ green pref-
erences, and increasing corporate brand reputation [10,38]. In practice, many enterprises have gradually real-
ized the advantages of green design and started to achieve the goal of sustainable development through green
design [37,45]. For example, HUAWEI has established a sustainable development management system, integrat-
ing green design concepts into products development and manufacturing processes, effectively reducing products
energy consumption and pollutant emissions, and improving resource utilization and operation performance [22].
HP, IBM, Apple and other enterprises are increasingly responding to the call for sustainable development by
integrating green design into their products production systems to build a sustainable supply chain [19,48].

Interestingly, with the increasing of consumers’ environmental awareness (CEA), the growing retailers have
begun to make green investments to win brand reputation and improve competitiveness [18,39]. For example,
IKEA invested 3 billion euros to establish the “Sustainable Investment Project”, to invest in green technologies
and to promote sustainable development [37]. Fast fashion retailer H&M has invested heavily in green technology
to promote manufacturers to realize products greening [14]. Wal-Mart, Marks & Spencer and other well-known
retail enterprises directly or indirectly invest in green production projects of manufacturers to master the
decision-making power of green level [24,39).

From the above business practice cases, it can be found that there are two main green design strategies in
supply chain operation at present, that is, the manufacturer implements green design and the retailer implements
green design. While green design investments can cater to increasing of CEA and increase market demand,
both upstream and downstream enterprises in supply chain can benefit from it [46]. However, enterprises that
implement green design need to bear a lot of investment costs [20,48]. Different green design strategy significantly
affects the balance between costs and benefits for enterprises in supply chain. So, from the perspective of
enterprises and the entire supply chain, the environment and society (consumer surplus), who is more motivated
to invest in green design? Which green design strategy is better?

In addition, there are always power differences among supply chain member enterprises, and the specific
decision order of member enterprises in different channel leadership and the impact on the decisions of other
members are also different [34,47]. The dominant enterprises often have stronger bargaining power, enabling
them to make decisions as leaders first, thus affecting the economic and environmental decisions of relatively
weak enterprises [5,7]. People are also increasingly worried about the impact of channel leadership on supply
chain sustainability [27,41]. Therefore, channel leadership has become an important factor that affects the green
design motivation of enterprises and the sustainable development of supply chains [5,34].

At present, under different channel leadership, what kind of green design strategy is more conducive to
sustainable development of supply chain has not been fully investigated in the literature. In order to fill the
research gaps, we mainly study the following questions:

(1) Under three kinds of channel leadership, which side of the manufacturer or retailer is more motivated to
implement green design?

(2) How will the transformation of channel leadership and the change of green design strategy affect the green
design level and the operation performance of sustainable supply chain?

(3) From the perspective of economy, environment and consumers, which green design strategy is better?

To solve the above problems, we construct six decision-making models for sustainable supply chain when the
manufacturer /retailer to implement green design under three kinds of channel leadership. We solve and compare
the optimal decisions of enterprises and analyze the difference of sustainable supply chain decision-making under
different channel leadership and green design strategies. Moreover, we compare the profits of enterprises and the
entire supply chain under different decision-making models, and investigate how they change with the power
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structure and green design strategies. We further discuss whether the green design strategy that is conducive
to economic goals is also good for environment and society (consumer surplus).

Our research has made the following contributions. Firstly, we integrate the multiple impacts (cost, demand
and environment) generated by green design into the enterprise decision-making models, and reveal the multiple
impacts of green design on the selection of the best green design strategy of sustainable supply chain. Secondly, we
derive the conditions under which the manufacturer and retailer tend to implement green design under different
channel leadership, and clarify the interaction between these conditions and channel leadership. Finally, we
illustrate the interaction between channel leadership and green design strategies, which are two key factors
affecting the sustainability of supply chain. Especially, we give the optimal green design strategy under different
channel leadership from the perspective of supply chain members and whole, consumers, and environment. To
the best of our knowledge, there is no literature that integrates these two important factors in the framework
of sustainable supply chain. Our research has filled this gap.

The remainder of the paper is organized as follows. In Section 2, we provide a related literature review. In
Section 3, we introduce the problem. In Section 4, we construct and solve the decision-making models under
different channel leadership. Section 5 makes a comparative study of the equilibrium results under different
decision-making models. We illustrate the numerical simulation in Section 6, and finally in Section 7, conclusions
and future research are suggested.

2. LITERATURE REVIEW

This paper deals mainly with two research: Green design/green product development for sustainable supply
chain and channel leadership of supply chain.

2.1. Green design/green investment for sustainable supply chain

As the core theme of sustainable supply chain management, green design/green investment has received
extensive attention from scholars [12,19,23]. Considering that consumers pay more attention to environmental
issues, many researches have incorporated CEA into the research framework of sustainable supply chain, and
investigated the green investment of enterprises under CEA setting, such as Jin et al. [19], Zhang et al. [48] and
Liu et al. [26]. Under this framework, some studies further investigated the greening and pricing decisions of
sustainable supply chain when enterprises compete or cooperate, such as Heydari et al. [16] and Tao et al. [40].
On the other hand, some researches have discussed the green decision of sustainable supply chain under different
government environmental regulation policies, such as Bian et al. [3], Li et al. [25] and Han et al. [15]. Meanwhile,
some scholars have analyzed the impact of different carbon tax policies on sustainable supply chain operations [1,
2,35,36]. Barman et al. studied the impact of carbon tax and carbon cap-and-trade on supply chain emission
reduction decisions for dual channel green supply chains [1]. Golmohammadi et al. [13] applied a mixed integer
linear programming model to optimize production, inventory, location, and route in a multi-level sustainable
supply chain. However, most of the existing studies assume that the manufacturer implements green investment
or determines the optimal green level, ignoring that the retailer also has strong incentives to make green
investment to master the decision-making power of green level.

Considering the green investment behavior of retailers, Dong et al. [10] investigated which manufacturer or
retailer is more motivated to invest in green product in the two-cycle supply chain. Shi et al. [39] discussed the
issue of cleaner technology investment between the manufacturer and retailers. They show that the manufacturer
can always benefit from the investment behavior of retailers. Wang et al. [42] studied the impact of retailer’s green
investment behavior on the manufacturer’s online sales mode selection, and pointed out that the manufacturer
may not benefit from the retailer’s green investment. Li et al. [24] compared and analyzed the supply chain
pricing decisions and performance issues when the manufacturer or retailer conducts green product development.
However, the above research still focuses on analyzing the impact of retailer’s green investment behavior on
market demand from an economic perspective, while ignoring the multiple impacts of green design on demand,
cost and environment.
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Since green design has more obvious advantages than other green behaviors of enterprises, including effectively
improving resource utilization efficiency and reducing product environmental impact [23,38,45], it has attracted
extensive attention of scholars in recent years. Raz et al. [38] introduced the concept of green design into the
newsboy model earlier, and pointed out that manufacturer can reduce the production cost and environmental
impact of unit product through green design. Yenipazarli [46] compared the difference of manufacturer’s green
design level under the cost sharing contract and revenue sharing contract. Du et al. [11] considered the green
design problem between two competing manufacturers and discussed the impact of different manufacturers input
green design on the pricing decision of sustainable supply chain. Cai et al. [4] further discussed the green design
decision-making of manufacturer under different environmental tax settings. Zheng and Li [50] used cooperative
and non cooperative game theory to analyze the green design strategies of competing manufacturers.

Based on the above literature analysis, it can be found that the work of Li et al. [24] and Shi et al. [39] are
similar to this study, and they also consider the green investment efforts of the manufacturer and retailer. But
the difference is that we not only compare and analyze the differences between the manufacturer and retailer
in green design behavior, but also consider the multiple impacts of green design, and investigate the impact of
channel leadership transfer from the perspective of economy, environment and consumer surplus.

2.2. Channel leadership of supply chain

Channel leadership, as the ability of enterprises to influence supply chain decision-making through priority
actions, has become an important factor affecting supply chain performance and sustainable development [5,34].
Many scholars have investigated the supply chain production, pricing and sales strategies under different channel
leadership [5,8,29,49]. The common point of their research results is that the difference in channel leadership will
change the operation decisions of supply chain enterprises, thus may lead to the difference in profits distribution.

In recent years, some scholars began to explore the pricing decisions of sustainable supply chain under different
channel leadership [6,34]. Chen et al. [6] pointed out that a balanced channel leadership is more conducive to
reducing supply chain emissions and improving overall profits. Xue and Zhang [44] pointed out that improving
CEA can reduce the channel leadership conflict in the supply chain. Hong et al. [17] discussed the optimal green
product design and pricing decision of supply chains with different channel leadership. Liu et al. [27] investigated
the role of revenue sharing contract or cost sharing contract in improving the products green degree of supply
chain under different channel leadership based on differential games. Xia et al. [43] discussed green supply chain
pricing and emission reduction decision-making under different channel leadership and cross shareholding. Tang
and Yang [41] analyzed the impact of channel leadership on carbon emission reduction and financing decisions of
supply chain under carbon cap-and-trade mechanism. Niu et al. [34] studied the impact of channel leadership and
innovation uncertainty on emission reduction investment decisions of manufacturer. Ma et al. [30] analyzed the
impact of information advantage, green optimism, and power structure on the decision-making and performance
of green supply chain. Different from the existing research that only focus on the impact of channel leadership
on the manufacturer’s green investment decisions, in this paper, we focus on the interaction between channel
leadership and green design strategies from the perspective of economy, environment and consumer surplus, and
consider the multiple impacts of green design on demand, cost and environment.

2.3. Research gaps

The analysis of relevant literature reveals two research gaps. On the one hand, most of the existing litera-
ture assume that the manufacturer makes green investment, and few literature consider the green investment
motivation of the retailer. The comparative analysis of the differences between green design decisions of manu-
facturer and retailer from different perspectives is limited. On the other hand, only a small amount of literature
considered the green investment of manufacturer and retailer [24,39]. However, they did not consider the mul-
tiple impacts of green design in combination with practice, nor did they involve the impact analysis of channel
leadership transformation. As far as we know, it has not been found that there are studies that explore the
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interaction between channel leadership and green design strategies, and their joint impact on the optimal oper-
ation of sustainable supply chain from the perspective of economy, environment and consumer surplus.

Based on the above analysis, we construct six decision-making models for the sustainable supply chain when
manufacturer/retailer implements green design under three kinds of channel leadership. Firstly, we analyze
which side of the manufacturer and retailer is more motivated to implement green design under different channel
leadership, and the impact of different green design strategies on pricing decisions, performance of sustainable
supply chains members and the whole. Secondly, we discuss the interaction between the channel leadership and
the green design strategies, as well as their impact on consumer surplus and environment. Finally, the main
conclusions are verified and expanded by numerical simulation. Our research provides decision reference for
upstream and downstream enterprises to select appropriate green design strategies, accelerate the construction
of sustainable supply chain and realize green transformation.

3. PROBLEM DESCRIPTION AND ASSUMPTIONS

3.1. Problem description

According to practical operation cases, there are two common green design strategies for sustainable supply
chain: One is the manufacturer implements green design. For example, Lenovo, the world’s largest PC man-
ufacturer, has been committed to reducing resource and energy consumption in product production and use
through green design for a long time, and won the title of “Green Design Demonstration Enterprise” in China.
Another is the retailer implements green design. For example, Alibaba raised $987 million through the issuance
of “Sustainable Development Bonds” to invest in multiple green development projects. At the same time, there
are not only channel leadership structures dominated by manufacturers such as Lenovo and HUAWEI [7], but
also channel leadership structures dominated by retailers such as Wal Mart and Home Depot [29], as well as
the balanced channel leadership structures such as Gome and GREE [49].

Based on this, this paper aims at a sustainable supply chain consisting of one manufacturer and one retailer,
in which both the manufacturer and retailer are motivated to implement green design in order to reduce resource
consumption and environmental impact in production activities, and achieve sustainable development of supply
chain. Consider the following six situations: manufacturer-led and implements green design, manufacturer-led
and retailer implements green design, retailer-led and manufacturer implements green design, retailer-led and
implements green design, Nash equilibrium game and manufacturer implements green design, Nash equilibrium
game and retailer implements green design. Through comparative analysis, from the perspective of economy,
environment and consumer surplus, we propose the optimal green design strategies for sustainable supply chain
with different channel leadership.

Based on the problem description, for clarity, we define the model notations in Table 1. And reference related
literature, we introduce the following assumptions.

Assumption 3.1. As green design can effectively cater to the growing green consumption concept of consumers
and help reduce the energy consumption of products, it can indirectly increase the market demand for prod-
ucts [40,46]. For example, in order to reduce the resource consumption of products, GREE, a Chinese electrical
appliance manufacturer, insisted on integrating green design investment considering environmental factors, effec-
tively reducing energy use and carbon emissions, and increasing market share. Referring to Yenipazarli [46], we
assume that the market demand function is q(p,g) = a — bp + 0g.

Assumption 3.2. The green design can effectively reduce the production cost and environmental impact of unit
product [38]. For instance, in 2017, Apple invested about 1.657billion dollars in implementing green design,
which reduced about 454 200 metric tons of carbon emissions and greatly improved its energy efficiency and
environmental performance. Therefore, when green design is implemented, the production cost of unit product is
c(g) = (1 —dg)e, the environmental impact degree of unit product is p(g) = (1 — Ag)y, the total environmental
impact of products is E = ¢©(g)q(p,9) = (1 — A\g)p(a — bp + 0g).
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TABLE 1. Notation’s description.

Notations  Description

Wholesale price

Retail price

The retailer’s margin profit

The green design level, assume 0 < g < 1 [17,51]

The production cost of unit product when does not implement green design
Environment impact of unit product when does not implement green design

a6 0 e g

Green design cost effect, that is, the reduction degree of unit production cost caused by unit green
design level [38], 0 < d < 1

A Green design environmental effect, that is, the reduction degree of environmental impact of unit
product caused by unit green design level

c(g) The production cost of unit product when implementing green design
»(g) Environment impact of unit product when implementing green design
The potential market demand
Consumers’ price sensitivity, b > 0

Market demand

(9) The investment cost for implementing green design. Refer to Yenipazarli [46] etc., assume h(g) =
kg?, where k > 0 represents the scale parameter of green design (also considered as green design
investment cost coefficient)

CS Consumer surplus. Refer to Niu et al. [34] etc., CS = [bnaxgdp = %

min

a
b
0 Green design demand effect, that is, consumers’ sensitivity to green design level (CEA level), § > 0
q
h

E Total environmental impact of products, which is the aggregate lifetime impact of the products
on the environment. Such impact may refer to the use of natural resources, emission of harmful
gases, and generation of solid wastes. The total environmental impact E is the production quantity
multiplied by the per-unit impact [38,50]

TI'ég The profits of supply chain members and whole, ¢ € {M, R, N} represents the manufacturer-led,
retailer-led and Nash equilibrium game respectively, ;7 € {M, R} represents the manufacturer or
retailer implements green design, X € {M, R, S} represents the manufacturer, retailer, and supply
chain

Assumption 3.3. In order to guarantee the concavity of all profit functions and the economic feasibil-
ity of related expressions, consistent with previous research [8, 0], the scale parameter should satisfy k >
{ (a—be)(bed+0)4(bed+0)%  (a—bc)(bed+0)+2(bed+6)? }

6b ’ 8b :

max

4. MODELS CONSTRUCTION

4.1. Game model when manufacturer-led and implements green design (Model MM)

In the model MM, the decision-making sequence is: First, the dominant manufacturer determines the green
design level and wholesale price. Next, the retailer determines the retail price. The profit functions of manufac-
turer and retailer are as follows

T (w, g) = (w— (1 —dg)c)(a — bp + 0g) — kg (4.1)
T (p) = (p — w)(a — bp + 0g).
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TABLE 2. Equilibrium results under manufacturer-led.

Model MM (i = M, j = M)

Model MR (i = M, j = R)

ij

4k(a + be) — c(ad + 0)(bed + 6)

4kb(a + be) — 6(ab + 2abed + beh)

v 8kb — (bed + 0)? 20(4kb — O(bed 1 0))
ij* (a — be)(bed + B) 0(a — be)
g 8kb — (bed + 0)2 2(akb — O(bed 1 0))
it 2hlazbg) __Ma—bq)
8kb — (bed + 6)? 4kb — 0(bed + 0)
i 2k(3a + bc) — c(ad + 0)(bed + 0)  2kb(3a + be) — 6(ab + 2abed + bed)
P 8kb — (bed + 0) 20(4kb — O(bed + 0))
ij* 2kb(a — be) kb(a — bc)
1 8kb — (bed + 60)° kb — 0(bed + 0)
i k(a — be)? k(a — be)®
Tar 1.1 /1.1 . 2
8kb — (bed + 6) 2(4kb — O(bed + 0))
2 2 2 2
ﬂ'g* 4k*b(a — bc) - k(a — bc)”(4kb — 0 3
(8kb — (bed + 6)?) 4(4kb — 0(bed + 0))
2 2 2
Wls]* k(a — bc)”(12kb — (bed ;r 0)7) k(a — be)”(12kb — 0(2bcd2+ 30))
(8kb — (bed + 6)?) 4(4kb — 0(bcd + 6))
2 )2 2 702
Csgii” 2k”b(a — be) k2b(a — be)

(8kb — (bed + 6)%)°

2(4kb — 6(bed + 0))?

According to the game order of the two-stage sustainable supply chain, the reverse recursion method is used to

solve the problem. First, according to the retailer’s profit function 73

Therefore, W%M

feedback function of retailer is pMM =

profit function w}M

(w, g), the Hessian matrix of 7Y™ (w, g) is HMM = E_bcr
2

2_MM
MM(p), we can easily get aﬂa%ﬂ(p) =-2b<0.

Ty (p) =0, the

(p) is concave function about p. Then, according to the first order condition —%
p

%. Furthermore, it will be substituted pM™ into the manufacturer’s

b B—ber

3 2 ok | it is easy to verify
cr —

2
when k > 0" the HMM s negative definite, and 7)M(w, g) is concave function about w,g. According

8b

to the first order conditions, the optimal wholesale price w

MM™ and optimal green design level g™ can be

obtained. Then, by substituting w™M™ and ¢MM" into pMM the optimal retail price pMM” can be obtained.
Through ¢(p,g) = a — bp + 0g, we can obtain the maximum market demand MM Finally, by substituting the
above optimal decision variables into formulas (4.1) and (4.2) respectively, we can obtain the maximum profits
of manufacturer, retailer and whole system. The related equilibrium results are mathematically sorted out as
shown in Table 2.

4.2. Game model when manufacturer-led and retailer implements green design (Model
MR)

In the model MR, the decision-making sequence is: First, the dominant manufacturer determines the wholesale
price. Then, the retailer determines the green design level and retail price. The profit functions of manufacturer
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and retailer are as follows

mr (w,g) = (w— (1 —dg)c)(a — bp + g) (4.3)
mr(p) = (p—w)(a—bp+bg) — kg. (4.4)

The relevant solution method is similar to Section 4.1, the equilibrium results under the MR model can be
obtained as shown in Table 2.

4.3. Game model when retailer-led and manufacturer implements green design (Model
RM)

In the model RM, the decision-making sequence is: First, the dominant retailer determines the marginal
profit. Then, the manufacturer determines the green design level and the wholesale price. The profit functions
of manufacturer and retailer are as follows

oM (w, g) = (w — (1 — dg)c)(a — bw — bv + 0g) — kg? (4.5)
78M(v) = v(a — bw — bv + fyg).

The relevant solution method is similar to Section 4.1, the equilibrium results under RM model can be
obtained as shown in Table 3.

4.4. Game model when retailer-led and implements green design (Model RR)

In the model RR, the decision-making sequence is: First, the dominant retailer determines the green design
level and the marginal profit, and then the manufacturer determines the wholesale price. The profit functions
of manufacturer and retailer are as follows

R (w, g) = (w — (1 —dg)c)(a — bw — bv + Og) (4.7
78R () = v(a — bw — bv + 0g) — kg°.

The relevant solution method is similar to Section 4.1, the equilibrium results under the RR model can be
obtained as shown in Table 3.

4.5. Game model when Nash equilibrium Game and manufacturer implements green
design (Model NM)

In the model NM, the decision-making sequence is: when the manufacturer determines the green design
level and wholesale price, the retailer determines the marginal profit. The profit functions of manufacturer and
retailer are as follows

o (w, g) = (w — (1 — dg)c)(a — bw — bv + g) — kg? (4.9)
7NM(v) = v(a — bw — bv + fg). (4.10)

The relevant solution method is similar to Section 4.1, the equilibrium results under the NM model can be
obtained as shown in Table 4.

4.6. Game model when Nash equilibrium game and retailer implements green design
(Model NR)

In the model NR, the decision-making sequence is: when the manufacturer determines the wholesale price,
the retailer determines the green design level and marginal profit. The profit functions of manufacturer and
retailer are as follows

R (w, g) = (w — (1 — dg)c)(a — bw — bv + 0g) (4.11)
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TABLE 3. Equilibrium results under retailer-led.

Model RM (i = R, j = M)

Model RR (i = R, j = R)

2k(a + 3bc) — c(bed + 0)(ad + bed + 20)

2k(a + 3bc) — c(ad + 0)(bed + 6)

wij 2 2
2(4kb — (bed + 0)*) 8kb — (bed + 6)
" (a —be)(bed + 0) (a — be)(bed + 0)
2(4kb — (bed + 0)%) 8kb — (bed + 0)?
i a — be 4k(a — be)
v oLl (ho7 1 N2
2b 8kb — (bed + 0)
i 2kb(3a + be) — (bed + 0)(ab + 2abed + beh)  2k(3a + be) — c(ad + 0)(bed + 0)
P 2(4kb — (bed + 6)%) 8kb — (bed + 0)°
" kb(a — be) 2kb(a — be)
4kb — (bed 4 0)° 8kb — (bed + 0)?
i k(a — be)® 4k2b(a — be)?
Mo 4(4kb — (bed + 0)7) (8kb — (bed + 0)2)?
ko — bo)” __kla=bo®
" 2(4kb — (bed + 0)?) 8kb — (bed 4 6)?
i 3k(a — be)® k(a — be)?(12kb — (bed + 6))
s A(4kb — (bed + 0)%) (8kb — (bed + 0)%)
cgi* k2b(a — be)? 2k2b(a — be)?

2(4kb — (bed + 0)%)°

(8kb — (bed + 0)*)?

TR (v) = v(a — bw — bv + 0g) — kg>.
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(4.12)

The relevant solution method is similar to Section 4.1, the equilibrium results under NR model can be
obtained as shown in Table 4.

5. EQUILIBRIUM RESULT ANALYSIS

Proposition 5.1. When the manufacturer and retailer implement green design respectively, (1) Under the
manufacturer-led, (a) wMM > wMR"when 0 < d < di; wMR > MM when dy < d < 1; (b) pMMT > pMRT
when 0 < d < do; MR > pMM™when dy < d < 1; (2) Under the retailer-led, (a) w™™ > wRR" when 0 <
d < ds; W™ > WM when d3 < d < 1; (b) pRRT > pRMT when 0 < d < dy; pR™M > PR when dy < d < 1;
(8) Under the Nash equilibrium game, (a) WM > wNR™ when 0 < d < ds; wNR > ™™ when ds < d < 1;

5 5 * * —p2 cbh—
(b) p™° > pNRTwhen 0 < d < dg; pNB > p"MT when dg < d < 1. Where, dy = 0(4kb—0%+2./2kb(4kb—02))

be(4kb+62) ’
_ 0(4kb—6"+2,/kb(5kb—262)) _ /Bkbi07—0 _ 2kb—62 _ 8 _ 2
dy = be(2kb+07) , dy = 2bc v da = TG ds = 55, de = ;-

Proposition 5.1 shows that, whatever the channel leadership, which green design strategy can reduce the
wholesale and retail prices more effectively depends on the size of green design cost effect, and the change
rules under three kinds of channel leadership are different. Specifically, under the manufacturer-led and Nash
equilibrium game, when the green design cost effect is small, the wholesale and retail prices are lower when the
retailer implements green design. On the contrary, it is lower when the manufacturer implements green design.
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TABLE 4. Equilibrium results under Nash equilibrium game.

Model NM (i = N, j = M)

Model NR (i = N, j = R)

2k(a + 2bc) — c(ad + 6)(bed + 0)

2k(a + 2bc) — cO(ad + 6)

ij
v 6kb — (bed + 6)* 6kb — O(bed + 0)
ij* (a —be)(bed + 0) 0(a — be)
g 6kb — (bed + 0)2 6kb — 0(bed + 0)
pit_ 2kla—be) _ 2k(a—be)
6kb — (bed 4 6)? 6kb — O(bed + )
i 2k(2a + bc) — c(ad + 0)(bed + 0)  2k(2a + be) — cB(ad + 0)
b 6kb — (bed + 6)* 6kb — O(bed + 0)
i 2kb(a — be) 2kb(a — be)
1 6kb — (bed 1 0)2 6kb — O(bed + 0)
i k(a — be)*(4kb — (bed + 6)?) 4k?b(a — be)?
: (6kb — (bed + 0)%) (6kb — O(bed + 0))2
id” 4k*b(a — be)® k(a — be)*(4kb — 6?)
8 (6kb — (bed + 0)°)° (6kb — B(bed + 9))>
i k(a — be)*(8kb — (bed + 6)?) k(a — be)*(8kb — 6?)
g (6kb — (bed + 0)%) (6kb — 0(bed + 0))2
2 _ 2 2 _ 2
oS 2k*b(a — be) 2k*b(a — bc)

(6kb — (bed + 6)%)° (6kb — 0(bed + 0))°

This is different from Shi et al.’s research, which is based on manufacturer-led scenario studies and suggests
that the retailer making green investments are more conducive to reducing the wholesale price [39]. Under the
retailer-led, when the green design cost effect is small, the wholesale price is lower when retailer implementing
green design, while the retail price is lower when manufacturer implementing green design. On the contrary,
the wholesale price is lower when manufacturer implementing green design, while the retail price is lower when
retailer implementing green design.

In fact, the manufacturer as the production enterprise, pays more attention to the changes of production
costs and generally benefits more from the green design cost effect. And the retailer, as the sales enterprise,
pays more attention to the changes of the market and generally benefits more from the green design demand
effect. When the green design cost effect is small, it means that manufacturer can only get less income from
green design invest, and she will tend to set higher wholesale price to make up for the invest costs of green
design when implementing green design. When retailer has no channel dominance, the formulation of retail
price will be affected by wholesale price to a large extent. Therefore, under the manufacturer-led and Nash
equilibrium game, the wholesale and retail prices show the same change trend. When retailer has the channel
leadership (pricing priority), he will give priority to maximizing market demand when formulating retail price.
Therefore, under the green design cost effect is small (the green design demand effect will be relatively more
significant) and the manufacturer implements green design, the retailer will set lower retail prices to maximize
market demand, makes the manufacturer can also benefit from the increase in market demand.
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Proposition 5.1 reveals that channel leadership, green design strategies and green design cost effect will all
affect the pricing decisions of enterprises, and higher wholesale price will not necessarily lead to higher retail
price. Therefore, enterprises should take full account of the channel leadership of their sustainable supply chain
and the impact of green design strategies when formulating product prices.

Proposition 5.2. When the manufacturer and retailer implement green design respectively, (1) Under the
manufacturer-led, (a) vMR > pMM" - MRT > (MM" CSMR" > CSMM™ hen 0 < d < dp; VMMT > pMRT
MM > MR CSMMT S OSMRT hen dp < d < 1; () gMBT > oMM when 0 < d < dg; MM > gMRT when
ds < d < 1; (2) Under the retailer-led, pRMT 5 RRTRMT o RR - oRM™ o gRR™ CSRM™ » ogRR” ; (3) Under
the Nash equilibrium game, vNM™ > pNR™ = gNM"™ - (NR™ & NM* - NR™ CSMMT > CSNRT, Where, d7 = bi

C’
de — 4kb—0°+21/2kb(2kb—02)
8 — b :

Proposition 5.2 shows that, which green design strategy is more conducive to improving the green design
level, increasing market demand and consumer surplus depends on the channel leadership and green design cost
effect. Specifically, under the manufacturer-led, when the green design cost effect is small, the retailer implements
green design is better. This is different from Dong et al.’s research, which is based on manufacturer-led scenario
studies and indicates that green investment by the manufacturer is always more conducive to improving the
green level of products [10]. On the contrary, the manufacturer implements green design is better. Under the
retailer-led and Nash equilibrium game, it is always better for the manufacturer to implement green design.

In fact, when the manufacturer has the leadership, it can always obtain a certain profit advantage through
the priority pricing right. And the relatively low green design cost effect means that the manufacturer can only
obtain limited benefits from green design. At this time, the manufacturer has no profit motive to compete with
the retailer for the decision-making right of green design. Therefore, when the green design cost effect is small,
the retailer has more profit motive to implements green design to improve his marginal income and increase
market demand and consumer surplus. When the manufacturer gradually loses her power, she will need more
decision-making power of green design to make up for her own shortcomings in pricing power. Because she
can effectively reduce her own production cost and expand market demand by adjusting the green design level.
Therefore, under the retailer-led and Nash equilibrium game, it is always better for manufacturer to implement
green design.

Proposition 5.2 reveals that enterprises should choose the appropriate green design strategy according to the
channel leadership of their sustainable supply chain and the characteristics of green design. This can not only
effectively improve the green design level, but also better stimulate the purchasing power of consumers, and
improve the market share and consumer surplus. Specifically, under the manufacturer-led, when the green design
cost effect is small, the retailer should implement green design. Conversely, the manufacturer should implement
green design. Under the retailer-led and Nash equilibrium game, the manufacturer should always be advised to
implement green design.

When the effectiveness or efficiency of the green design implementation by manufacturer is limited, the
manufacturer should take measures to incentivize the retailer to implement green design. However, to improve
the green design level and market demand more effectively, the retailer should also selectively implement green
design based on the different channel structures and his own ability.

Proposition 5.3. When the manufacturer and retailer implement green design respectively, (1) Under the
manufacturer-led, (a) mXR > MM when 0 < d < dy; 7Y™ > 7MRT when dy < d < 1; (b) W%R* > W%M*,
when 0 < d < dy; W%M* > W%R*, when dg < d < 1; (¢) wg/m* > wg/IM*, when 0 < d < dyg; wl\q/IM* > W%AR*,
when dyg < d < 1; (2) Under the retailer-led, 75 > afif" gBM7 5 zRRT S 2BMT o 7BRT.(3) Under the

. . « . * N " 02 (0(4kb—02)+81/k2b2 (4kb—02
Nash equilibrium game, 7\M" > miR" ng > ng , ng > ﬂgR . Where, dg = (& ) ( )
(0 (4kb—0%)+/k2b2 (16kb(32kb+702) —150%))

- be(kb(32kb—362)+0%) .

) be(akb(16kb—62)+07) )

dyo
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Proposition 5.3 shows that, which green design strategy is more conducive to improving the performance
of sustainable supply chain members and the whole depends on the channel leadership and the green design
cost effect. Specifically, under the manufacturer-led, when the green design cost effect is small, the retailer
implements green design is better. Conversely, the manufacturer implements green design is better. Under the
retailer-led and Nash equilibrium game, it is always better for manufacturer to implement green design.

Proposition 5.3 reveals that manufacturer may not have profit motive to implement green design when she
has dominant advantages, but she is always more inclined to implement green design when she has no domi-
nant advantages. However, retailer is more inclined to implement green design only when he has no dominant
advantage and the green design cost effect is small.

Based on the channel leadership dominated by the manufacturer, Shi et al. [39] studied that both manufacturer
and retailer have gained more profits when retailer makes green investments. However, we further show that
only when the manufacturer dominates and the green design cost effect is small, can the retailer implement
green design to make the member enterprises of supply chain gain more profits. Under the retailer-led and
Nash equilibrium game, manufacturer and retailer will benefit more from the green design implemented by
manufacturer.

At the same time, when implementing green design by the follower is more conducive to improving the green
design level and profits of sustainable supply chain, follower should not be short-sighted, but should consider
the impact of green behavior on the long-term development of the enterprise, and actively implement green
design. And the leader should also take initiative to control and coordinate the overall sustainable supply chain,
not only to encourage follower to actively implement green design, but also to ensure reasonable profits and
development of follower, thereby effectively promoting the long-term development of sustainable supply chain.

Proposition 5.4. When the manufacturer implements green design, under different channel leadership, gN™M >
GRM™ 5 gMM™ - MM NM* 5 0 RMT  MM* o RMT 5 NMY o NM™ S (RMT o (MM GNM™ CSRM™ o
CSMM*’ when 0 < d < dyy; gRMT > gNM™ 5 gMM® 0 MM* o RM® o NM® MM o NMT R
gRMT > NV 5 VMY OgRMT o oMY S MM e dyy < d < 1. Where, dyy = Y2800,

Proposition 5.4 shows that, when the manufacturer implements green design, in terms of reducing the whole-
sale and retail prices, improving the green design level, market demand and consumer surplus, the manufacturer-
led is always worst. This result is consistent with that in Chen et al. [6], which pointed out that wholesale and
retail prices are higher and green investment levels are lower when manufacturer is dominant. When the green
design cost effect is small, the Nash equilibrium game is better. On the contrary, when the green design cost
effect is large, the retailer-led is better. This result is different from the research conclusion of Chen et al. [6],
which showed that wholesale and retail prices are always lower, and the level of green investment is higher under
the Nash game. In fact, when the manufacturer implements green design, on the one hand, she always tends
to increase profit by increasing wholesale price, and on the other hand, she balances green design investment
costs and profit by adjusting the green design level. Under the manufacturer-led, the manufacturer has stronger
bargaining power. Therefore, the wholesale price is always higher and the green design level is lower. Under
the Nash equilibrium game, the manufacturer still has certain bargaining power, and can make up her own
investment costs in green design by adjusting wholesale price. Therefore, even if the green design cost effect is
small, the manufacturer will tend to reduce production costs and increase market demand by improving the
green design level. However, under the retailer-led, the manufacturer has weak bargaining power, so only when
the green design cost effect is large, can manufacturer be motivated to invest in green design at a high level.

Proposition 5.4 reveals that when the manufacturer implements green design, who has power is always not
conducive to improving the green design level and market demand. Under the retailer-led and Nash equilibrium
game, which is more conducive to improving the green design level and market demand depends on the green
design cost effect.
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Proposition 5.5. When the retailer implements green design, under different channel leadership, (1) g >
gRR* > gMR*; WwMR™ = NR™ < wRR*, pRR* > pMR* N pNR* : (2) qNR* > qMR* > qRR*7 CSNR 5 CgMRT >
CS®R" when 0 < d < d7; ¢NR > ¢RRT > MRT D CSNRT 5 SRR 5 ¢SMRT when dy < d < 1.

Proposition 5.5 shows that, when the retailer implements green design, in terms of reducing the wholesale
and retail prices, improving the green design level, market demand and consumer surplus, the Nash equilibrium
game is always optimal. Compared with the manufacturer-led, the retailer-led is more conducive to improving
the green design level and reducing the wholesale price, but will lead to higher retail price, which may not lead
to higher market demand and consumer surplus. In fact, enterprises always use their dominant advantages to
set higher prices to benefit, so that the wholesale price is always higher when manufacturer dominates, and
the retail price is always higher when retailer dominates. Higher wholesale price will squeeze the profit space of
retailer. Therefore, under the manufacturer-led, retailer always tends to diminish the green design level to lessen
the green design invest cost and increase his own profit. With the gradual transfer of power to retailer, on the
one hand, the retailer will incentivize the manufacturer to reduce wholesale price by appropriately increasing
the green design level to help manufacturer reduce production costs. On the other hand, he will also increase
the retail price to further increase his own profit. Higher retail price will also affect consumers’ purchasing
enthusiasm to a certain extent, making the demand and consumer surplus lower than the manufacturer-led
under certain circumstances.

Under the assumption that manufacturer implements green investment, Hong et al. [17] found that compared
to the retailer-led, the manufacturer-led is more unfavorable for improving greenness and market demand of
products. This study further indicates that when the retailer implements green design, although the retailer-led
is more conducive to improving the green design level than that the manufacturer-led, it may not necessarily
be conducive to increasing market demand for products.

Proposition 5.6. When the manufacturer implements green design, under dzﬁerent channel leadership, (1)
TRMT > W%M > o (2) M > M > MY g NMT > BMT s MM phen 0 < d < dpg; T >
TEMT > g NMT W?M > ﬂglM > 7dM when dyy < d < 1.

Proposition 5.6 shows that, when the manufacturer implements green design, under different channel lead-
ership, the manufacturer and retailer can always obtain more profits when they are the channel leader. And
retailer can always obtain less profit when he is channel follower, but only when the green design cost effect is
small, the manufacturer can obtain less profit under she is channel follower. For the sustainable supply chain
system, when the green design cost effect is small, the Nash equilibrium game is more conducive to improv-
ing the overall performance of sustainable supply chain. On the contrary, the retailer-led is better, and the
manufacturer-led is always worst.

Proposition 5.7. When the retailer implements green deszgn under different channel leadership, 7TMR >
R}R >7r]F§IR ,W%R > TR NR* >7TMR ,WgR > Ty RR* >7rMR .

Proposition 5.7 shows that, when the retailer implements green design, under different channel leadership,
manufacturer and retailer can always obtain more profits when they are the channel leaders, and less profits
when they are the channel followers. The sustainable supply chain system has always gained more profits under
the Nash equilibrium game, and has the least profits under the manufacturer-led.

Combined with Propositions 5.6 and 5.7, whether manufacturer or retailer implements green design, both
manufacturer and retailer gain more profits when they are the channel leaders. For the overall profits of sus-
tainable supply chain, when manufacturer implements green design and the green design cost effect is small, or
when retailer implements green design, the Nash equilibrium game is better. When manufacturer implements
green design and the green design cost effect is large, the retailer-led is better.

Combining Propositions 5.4-5.7, it can be found that regardless of whether the manufacturer or retailer
implements green design, the level of green design and the overall profits of sustainable supply chains under
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manufacturer-led are always the lowest. This also reveals why in reality, the green transformation process of
traditional large manufacturing enterprises (such as Volkswagen, Ford, etc.) is always relatively slow. Therefore,
the dominant manufacturer should actively assume the environmental responsibilities, control and coordinate
the supply chain, and choose the green design investment mode that is most conducive to the sustainable
development of the supply chain.

Proposition 5.8. When the manufacturer and retailer implement green design respectively, (1) Under the
retailer-led, ERM > ERR™ when 0 < X < Ai; ERRY > ERM when A\, < XA < 1; (2) Under the Nash
equilibrium game, ENM > ENR” “phen 0 < X < Ag; ENR™ > ENM™ yphen Ay < X < 1.

Proposition 5.8 shows that, under the retailer-led and Nash equilibrium game, when the green design envi-
ronmental effect is small, compared with manufacturer implements green design, the retailer implements green
design is more conducive to reducing the total environmental impact of products. On the contrary, when the
green design environmental effect is large, the manufacturer implements green design is better. This is because
the total environmental impact of products depends on two aspects, one is the sales volume of products (¢), and
the other is the environmental impact of unit product under green design ((1—Ag)y, the greater the green design
environmental impact A, the smaller the environmental impact of unit product). Therefore, when A is small,
the effect of product sales on the total environmental impact of products is more significant. With the increase
of A, the environmental impact of unit product becomes smaller and smaller, and A on the total environmental
impact of products becomes more significant. As the relationship between the market demand and green design
level under the manufacturer-led and other situations is also affected by the green design cost effect. As a result,
the relationship between the total environment impact of products under other models will be affected by the
green design cost effect and the green design environmental effect at the same time. This makes the comparative
analysis of relevant analytic expressions more complicated. Therefore, we will make further analysis through
numerical simulation later.

Proposition 5.8 reveals that whether the investment strategy conducive to improving the green design level
can always effectively reduce the total environmental impact of products depends on the size of the green design
environmental effect. Therefore, for enterprises, when implementing green design, they should pay attention to
the multiple impacts brought by green design. While effectively improving the cost effect and demand effect of
green design, they should also pay attention to enhancing the green design environmental effect, so as to reduce
the total environmental impact of products while promoting the increase of demand. For the government, on
the one hand, it can accelerate the improvement of green design and green manufacturing standard system,
and accelerate the updating and upgrading of energy conservation standards (such as promoting the use of new
energy efficiency). On the other hand, it can also increase the efforts to crack down on the behavior of falsely
labeled green products, so as to regulate and guide enterprises to invest in green innovation in reducing the
environment adverse impact of products, and effectively improve the green design environmental effect.

6. NUMERICAL SIMULATION ANALYSIS

In the section, we mainly analyze the impact of green design cost effect d on product pricing, green design
level and performance of sustainable supply chain through numerical examples. And we also examine the green
design cost effect and the green design environment effect on reducing the total environment impact of products.
Refer to the parameter settings of Raj et al. [37] and Raz et al. [38], we assume a = 100, b =6, 0 = 8, ¢ = 5,
k =60, 6 = 1. We used Matlab 2018 and Excel 2019 software for numerical assignments and drew the following
tables and graphs.

Table 5 shows that, with the increase of green design cost effect, it is conducive to reducing the wholesale and
retail prices, and increasing the green design level and market demand. This is because as the increase of green
design cost effect, the unit green design level can more effectively reduce the production cost of products, so
that the manufacturer will also reduce the wholesale price, which will lead to a decline in retail price, as well as
an increase of the green design level and market demand. Furthermore, under the different channel leadership,
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TABLE 5. Equilibrium results under different models.

d Model
MM MR RM RR NM NR

0.1 1095 10.73 804 7.91 893 892
w¥ 0.3 10.80 10.51 7.87 7.55 854 874
0.6 10.14 10.15 6.92 693 691 844
01 019 020 029 019 0.38 0.27
g% 03 046 021 052 026 063 028
0.6 068 022 078 028 071 029
0.1 1399 13.84 1391 1399 13.05 12.97
pY 0.3 13.89 13.73 13.88 13.89 13.02 12.88
0.6 13.85 13.96 13.87 13.85 12.64 12.75
0.1 1827 1864 19.11 1827 24.72 24.32
qv 0.3 19.45 19.33 22.89 1945 2594 24.90
0.6 2287 20.45 26.98 22.87 26.56 25.81
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FIGURE 1. Manufacturer’s profit under six models.

which green design strategy is more conducive to reducing the wholesale and retail prices depends on the size
of green design cost effect. In terms of improving the green design level and market demand, under the retailer-
led and Nash equilibrium game, the manufacturer implements green design is always better. However, under
the manufacturer-led, only when the green design cost effect is large, can the manufacturer implement green
design better than retailer. Therefore, sustainable supply chain enterprises should fully consider the influence of
channel leadership and green design cost effect when choosing green design strategy, and then select the green
design strategy that is most conducive to improving product green level and market demand.

No matter the manufacturer or retailer implements green design, they can improve the cost effect of green
design by introducing cutting-edge technology or optimizing the implementation process of green design, to bet-
ter play the role of green design and truly help the supply chain achieve green development while reducing costs
and increasing efficiency. In reality, Lenovo optimizes the green design implementation process comprehensively
by utilizing advanced digital technology, resulting in annual savings of hundreds of millions of dollars.

Figures 1 and 2 show that, the increasing of green design cost effect, the profits of manufacturer and retailer
are increasing. Furthermore, under the manufacturer-led, when the green design cost effect is small, both
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FIGURE 2. Retailer’s profit under six models.

manufacturer and retailer gain more profits when retailer implements green design. On the contrary, they
can obtain more profits when manufacturer implements green design. Under the retailer-led and Nash equilib-
rium game, the manufacturer and retailer can always obtain more profits when manufacturer implements green
design. Therefore, from the practice, the manufacturer and retailer should choose appropriate green design
strategy according to the channel leadership and the impact of green design cost effect to maximize their own
profits.

Table 5, Figures 1 and 2 reveal that, when the manufacturer or retailer implement green design, they should
reduce the use and consumption of raw materials of products without affecting product quality and performance
as much as possible, so as to reduce the production cost of enterprises more efficiently through green design. This
is not only conducive to improving the green level of products and market demand, but also to improving the
performance of supply chain members and overall. For example, Chrysler saved hundreds of millions of dollars
by reducing material consumption in the product manufacturing process through green design, and eliminating
inefficient and redundant work processes in the production process.

Figures 3-5 show that, when the green design cost effect d is constant, the total environmental impact of
products will decrease with the increase of green design environmental effect A\. Only when A is large, the increase
of d is conducive to reducing the total environment impact of products. Furthermore, under the manufacturer-
led, when d is smaller and A is larger or d is larger and A is smaller, the retailer implements green design is more
conducive to reducing the total environment impact of products. On the contrary, the manufacturer implements
green design is more conducive to reducing the overall environmental impact of products. However, under the
retailer-led and Nash equilibrium game, regardless the size of d, when A is large, the manufacturer implements
green design is more conducive to reducing the total environment impact of products. On the contrary, the
retailer implements green design is more conducive to reducing the overall environment impact of products.
In fact, the overall environment impact of products under different models is jointly affected by the market
demand (affected by d) and the environmental impact degree of unit product (affected by \). Therefore, the
overall environmental impact of products under different channel leadership and green design strategy is also
jointly affected by d and A.

Figures 3-5 reveal that when implementing green design, the manufacturer or retailer should not only focus
on improving the green design cost effect to increase demand and performance of sustainable supply chain,
but they should also invest more in green innovation to diminish the environment adverse impact of products,
and strive to enhance the green design environmental effect. Only in this way can truly promote the green
development and diminish the adverse impact on the environment. For example, while reducing the energy
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consumption of products through green design, Apple is also trying to reduce the carbon emissions of products.
According to Apple’s 2020 Environmental Progress Report, Apple has been improving resource and energy
efficiency and reducing carbon emissions through green design, process and material innovation, and claims
that it has achieved carbon neutrality in global operations.

Therefore, when implementing green design, the enterprises should strive to improve the environmental effect
of green design, effectively increase the advantages of green products in energy conservation and environmental
protection, and establish a good corporate reputation and brand image. Thus, while the green products are
recognized by consumers, it also improves the profits and sustained competitiveness of green products. For the
government, by collaborating with manufacturers, certification agencies, consumers and other social forces, it
can promote the improvement of green product standards and certification, and promote green lifestyles and
green products, further regulating the green production of enterprises. In reality, companies such as Gree and
Haier have been actively engaged in green design research and development, and their energy-saving and envi-
ronmentally friendly products (such as Gree variable frequency air conditioners, Haier fluorine free refrigerators,
etc.) are highly recognized and supported by consumers.

7. CONCLUSION

As an effective strategy to reduce production costs and environmental impacts of products from the source,
green design has become one of the most efficient means to practice sustainable supply chain. At present, there
are two main green design strategy, namely, manufacturer implements green design and retailer implements
green design. In addition, channel leadership as an important factor affecting enterprise decision-making and
profits, but its impact on the selection of the best green design strategy for sustainable supply chain is still
unclear. Based on this, we construct six decision-making models for sustainable supply chain considering two
types of green design strategies under three kinds of channel leadership (manufacturer-led, retailer-led and Nash
equilibrium game). We analyze the interaction between channel leadership and green design strategies, as well
as their impact on pricing decisions, enterprise performance, consumer surplus and environment. Our research
results are summarized as follows:

(1) Which green design strategy can reduce the wholesale and retail prices more effectively depends on the
channel leadership and the size of green design cost effect, and the change laws of the two prices are not
always consistent.

(2) Under the manufacturer-led, when the green design cost effect is small, the retailer implements green design
is more conducive to improving the green design level, market demand, consumer surplus and overall profits
of sustainable supply chain. However, under the retailer-led and Nash equilibrium game, it is always better
for the manufacturer to implement green design.

(3) When the manufacturer implements green design and the green design cost effect is large, the retailer-led
is more conducive to improving the green design level and the overall performance of sustainable supply
chain. While, when the retailer implements green design, the Nash equilibrium game is always better.

(4) The increase of green design cost effect will always help to improve the green design level, expand market
demand, and increase the overall profits of sustainable supply chain, but it may not always help to reduce
the total environmental impact of products.

(5) In terms of reducing the total environmental impact of products, under the retailer-led and Nash equilibrium
game, when the green design environmental effect is large, the manufacturer implements green design is
better. Moreover, under the manufacturer-led, when the green design cost effect is small (large) and the
green design environmental effect is large (small), the retailer implements green design is better.

According to the above conclusions, the management enlightenment as follows: Firstly, when implement-
ing green design, enterprises should determine the best green design strategy for sustainable supply chain
according to channel leadership and the characteristics of green design. In this way, they can more effectively
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implement green design, promote the development and circulation of green products, and improve their own
performance. Secondly, whether the manufacturers or retailers implement green design, they should pay atten-
tion to strengthening the cost effect of green design to effectively improve the efficiency of green design. In
this way, the green design investment can achieve the effect of “higher of efficiency investment, lower growth
of investment level and higher growth of overall income”. Finally, the government as a market regulator, can
reduce the cost of enterprises engaging in green design innovation through green subsidies, green credit and
other policies. Moreover, they can implement effective supervision on fake green products through strict envi-
ronmental laws and regulations to encourage or regulate enterprises to increase investment in improving green
design environmental effect, so as to promote enterprises to realize the balanced development of economy and
environment,.

There are still some deficiencies and can be extended in future research. In this paper, in order to focus
on the research issues, the sustainable supply chain system considered is relatively simple, and can be further
studied in a more realistic competitive sustainable supply chain system in future. Furthermore, this paper
does not consider the impact of external factors such as environmental regulations and government policies.
Therefore, in the context of green economy, it is another direction worth studying to focus on the impact of
different environmental regulations on green design decisions of sustainable supply chain. Finally, some model
without uncertainty is adopted in our paper. Although this makes our analysis easier to handle and widely
applied in similar studies [6, 10, 40]. However, uncertainty has always been an important practical issue in
supply chain management [31-33]. Therefore, a future extension is to use other forms of models, including
stochastic and probabilistic models, to explore how uncertainty affects the operation of sustainable supply
chains.

APPENDIX A.

MM* MR™

Proof of Proposition 5.1. Taking the relationship between w and w

obtained from the relevant equilibrium results in Table 2

(= bo) (4ht2ed (26 — bed) + 02 (41 — (bed + 0)°) )

as an example, which can be
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WwMM™ _ ) MR™ _

2b(8kb — (bed + 0)2) (4kb — O(bed + 6))

Let f(d) = 4kb%cd(20 — bed) + 0%(4kb — (bed + 0)?) = 0, the only solution can be obtained is d; =

0(4kb—02424/2kb(4kb—02 * * * .
( bj(%HQQ() ) Therefore, wMM™ > wMB" when 0 < d < dy; wMB > MM when d; < d < 1.
Other proof processes are similar, omitted here. (Il

Proof of Proposition 5.2. Since the process of proving Proposition 5.2 are similar to that of Proposition 5.1, it

is omitted here. [
Proof of Proposition 5.3. Taking the relationship between WAI\}R* and WMM* as an example, which can be
obtained from the relevant equilibrium results in Table 2

RSN k(a —be)*(bed + 0) (bed — )
2(8kb — (bed + 6)%)(4kb — O(bed + 0))

Let f(d) = bed—6 = 0, the only solution can be obtained is d7 = %. Therefore, WMR* > WMM*, when 0 < d < dy;

oMM™ > MR when d7 < d < 1. Other proof processes are similar, omitted here. O

Proof of Proposition 5.4. Taking the green design level under the three kinds of channel leadership as an exam-
ple, it can be obtained from the relevant equilibrium results in Tables 2—4

S RN _ (a — be)(bed + 0)(2kb — (bed + 6)°)
2(4kb — (bed + 9)2) (Gkb — (bed + 9)2) ’
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RMT MM (a — be)(bed + 6)° 0
g g™ = . ~ >0,
2(4kb — (bed + 6) (Skb — (bed + 6) )
. . 2kb(a — be)(bed + 0
gNMT MM (a — be)(bed + 0) S 0.

(Gkb — (bed + 0)2) (8kb ~ (bed + 9)2)

Let F(d) = 2kb — (bed + 6)% = 0, the only solution can be obtained is di; = Y22=2_ Therefore, gNMT > gRMT
when 0 < d < di1; ¢"M" > ¢"M" when dq; < d < 1. Other proof processes are similar, omitted here. O

Proof of Proposition 5.5. Since the process of proving Proposition 5.5 are similar to that of Proposition 5.4, it
is omitted here. O

Proof of Proposition 5.6. Taking the overall profits of the sustainable supply chain 7g under the three kinds of
channel leadership as an example, it can be obtained from the relevant equilibrium results from Tables 2-4

kla —be)’ (2kb — (bed +0)° ) (10kb — (bed + 0)°)
g —Tmg o = )

4(4kb — (bed + 9)2) (6kb — (bed + 9)2)2

k(a — be)?(bed + 0) (16kb ~ (bed + 9)2) ;
Tg — Mg = 5 > U,
4(4kb — (bed + 9)2) (Skb — (bed + 9)2)

4k3b2(a — be)? (20kb — 3(bed + 9)2)

s -7 = > 0.
S S 2\ 2 2\ 2

(6kb — (bed + 6) ) (Skb — (bed + 6) )

Let F(d) = 2kb — (bed + 6)? = 0, the only solution can be obtained is dy = ¥22=2 Therefore, my ™ > 72M",
when 0 < d < dj1; ﬂ'gM* > ﬂ'gM*, when dy; < d < 1. Other proof processes are similar, omitted here. (I

Proof of Proposition 5.7. Since the process of proving Proposition 5.7 are similar to that of Proposition 5.6, it
is omitted here. 0

Proof of Proposition 5.8. It can be obtained from the relevant equilibrium results in Tables 3 and 4
ERM* _ pRR* _ (1 _ )\gRM*>SDqRM* _ (1 _ )\gRR*>(quR*

kb(a — be)(bed + 0)° (2 (4kb — (bed + 9)2) (Skb — (bed + 9)2) — Xa — be)(bed + ) (16kb — 3(bed + 9)2))

=0

9

2(4kb — (bed + 0)2)2 (Skb ~ (bed + 9)2)2
ENM® _ pNR® _ (1 -~ /\gNM*>@qNM* _ (1 _ /\gNR*><quR*

) 92kb2cd(a ~ be) ((bcd +0) (6kb — (bed + 9)2) (6kb — O(bed + 0)) — Aa — be) (36k2b2 — O(bed + 9)3)) |

(Gkb ~ (bed + 9)2)2(6kb — O(bed + 0))?
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Let F1(\) = 2(4kb — (bed + 0)%)(8kb — (bed + 6)2) — Ma — be)(bed + 0)(16kb — 3(bed + 0)?) = 0, Fa()\) =
(bed+0) (6kb— (bed + 60)2) (6kb—0(bed+6)) — A(a—be) (36k2b? —0(bed + 0)2) = 0, the only solution can be obtained

. _ 2(4kb—(bcd+0)?)(8kb—(bed+6)?) _ (bed+6) (6kb—(bcd+0)?) (6kb—0(bed+0))
I8 Al = 00 (bed0) (16kb—3(bedt8)7)° 2 = (a—bc) (36k262—0(bcd+0)?) - Therefore, when 0 < A < Ay,

ERM™ > pRR* N < X < 1, ERR" 5 ERM" go pNM" > PNR™ when 0 < A < Ag; ENRY > ENM"when
Ao < A< 1. O
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