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With the improvement of social environmental awareness, the dual-channel green product sales mode has been widely used by
many manufacturing �rms. In this paper, we consider a dual-channel green supply chain where one manufacturer produces a
green product and sells it through one retail channel and its own direct channel. Consumers in the two channels have di�erent
perceptions of the product energy e�ciency level due to di�erent purchasing experiences. �e product energy e�ciency level
evolves over time and is characterized as a dynamic variable. By developing and solving the Stackelberg di�erential game problems
under the dynamic and static wholesale pricing strategies, respectively, we obtain the main results in this paper. First, the
manufacturer has more incentives to invest in green innovation when more consumers buy the green product through the direct
channel. Second, the manufacturer prefers to adopt the dynamic wholesale pricing strategy in most cases and prefers the static one
only when the consumers in both channels have relatively high energy e�ciency perceptions. By introducing the transfer payment
contract, we show that the static wholesale pricing strategy may be the better choice, which leads to a win-win outcome for both
members. Finally, sensitivity analysis further provides some managerial insights and veri�es the robustness of the results.

1. Introduction

Environment has gradually become an important attention to
many manufacturing �rms and crucially impacted business
performance [1]. With the large-scale development of
manufacturing industry, governments around the world are
facing increasingly severe environmental problems. With
signing of many international environmental conventions (e.g.,
Kyoto Protocol, Montreal Convention, and Paris Agreement),
more andmore countries and regions are involved in the global
environmental protection cooperation and actively develop
emission reduction planning and encourage �rms to imple-
ment green research and development policies. �e Paris
Agreement, as a legally binding climate agreement, clari�es the
goal of controlling the global average temperature increase
within this century to within two degrees Celsius, ultimately
achieving sustainable human development. Sustainable de-
velopment, regardless of developed or developing economies,
enhances economic progression, social advancement, and
environmental sustainability [2]. As a result, green supply chain

management is becoming a hot topic and capturing keen
scienti�c attention [3].

One of the most e�ective activities to develop a green
supply chain is to design and produce environmentally friendly
products [4]. Governments are making great e�orts to guide
�rms to implement green innovation and improve consumer
environmental awareness. For example, mandatory energy
e�ciency labels attached to household electrical appliances
clearly present the information of energy consumption, which
greatly promotes the adoption of high-e�ciency appliances by
consumers. An empirical survey demonstrates that 62% of
consumers are willing to buy high-star appliances, and half of
consumers are willing to pay $67.6 more for purchasing air
conditioners with a high energy e�ciency level in India [5]. As
announced by European Commission in 2008, three quarters
of Europeans choose to purchase green products even though
their prices are about 31% higher than in 2005 [6]. �e en-
hancement of public environmental awareness greatly a�ects
�rms’ investment behaviors in green innovation [7]. Hence, it
is very necessary for a pro�t-maximizing �rm to make the
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optimal green investment decision, which is one of the main
issues investigated in this paper.

Products with a high energy efficiency level not only reduce
the energy consumption in usage for consumers, enhancing
products’ premium ability, but also present a good environ-
mental image for firms, increasing firms’ competitive advan-
tage [8]. Recently, product upgrading has been the priority of
many firms to develop green products with a high energy
efficiency level. However, when firms invest in green in-
novation and produce energy-efficient products, they need to
match new technologies,materials, equipment, manpower, and
other resources, which often leads to a higher production cost
and eventually a higher sales price than that of similar tradi-
tional products [4]. In general, firmswould like to have a higher
sales price with less investments in green innovation, while
consumers expect to buy a product with a higher energy ef-
ficiency level at a lower price, which raises the opposition
between firms and consumers [9]. -erefore, firms are faced
with the important problem of how to balance the green in-
novation and pricing decisions.

-e advanced e-commerce has made it easier for many
green product manufacturers to develop their own online
channels to directly sell their products to the end consumers,
such as online sales websites http://www.sys2011.com and
http://www.ehaier.com, in addition to selling through retail
channels. -is dual-channel mode has been widely used in
various industries and is continuing to grow [10]. On the one
hand, the online channel can greatly expand the consumer
market by directly reaching some consumers who are far from
a convenient retail store [11]. On the other hand, the estab-
lishment of the direct selling channel inevitably aggravates the
channel conflict and competition between manufacturers and
their downstream retailers. Moreover, a fact is that consumers
in the two channels have different energy efficiency perceptions
for the same green product, since the consumers in physical
stores have the opportunity to check a green product carefully
[12]. Consequently, firms need to consider the difference in
energy efficiency perception of consumers in the two channels
when making the green investment and operation decisions.

In addition, the degree of coordination between the supply
chain members also affects the performance of the supply
chain. Cachon [13] examined the wholesale pricing problem in
a supply chain consisting of a supplier and a retailer and
demonstrated that the supply chain’s performance can be
significantly improved through coordination. In practice,
manufacturers may use static wholesale pricing, i.e., keep the
same wholesale price all the time, or adopt dynamic wholesale
pricing, i.e., adjust the wholesale price at any time. A reasonable
wholesale pricing strategy can efficiently improve the economic
and environmental performances of a supply chain and benefit
both the supply chain members [14]. Considering cooperation
and competition between a manufacturer and a retailer in such
a dual-channel green supply chain, the wholesale pricing
problem will be a valuable and interesting study.

Specifically, this paper aims to answer the following
research questions:

Q1. What are the optimal pricing and investing de-
cisions to maximize the profits of the members, and

how do they interact with each other in the dual-
channel green supply chain?
Q2. How do the dynamic and static wholesale pricing
strategies affect the decision making and the profits of
each member and the whole supply chain?
Q3. What are the interactions between green in-
novation and wholesale pricing?

To answer these questions, we consider a dual-channel
green supply chain, where one manufacturer invests in green
innovation and produces a green product and sells the product
through a retail channel and its own direct channel. Consid-
ering that the energy efficiency standard changes with the
development of technology, the energy efficiency level of the
green product is described by a differential equation. Hence,
the decision-making problem is modeled as a Stackelberg
differential game in which the manufacturer acts as the leader
and the retailer acts as the follower. With the dynamic or static
wholesale pricing strategy, the dominant manufacturer firstly
decides the dynamic or static wholesale price, the direct selling
price, and the green innovation level, and then the retailer
makes the retail price decision. According to the maximum
principle, we obtain the equilibrium decisions and profits of the
supply chain members under the two wholesale pricing
strategies, respectively. Additionally, we conduct numerical
studies to compare the outcomes under the two pricing
strategies and provide sensitivity analysis with respect to key
system parameters to obtain the main managerial implications.

-e main contributions of this paper are summarized as
follows. First, the energy efficiency level is modeled as a dy-
namic evolution process to reflect the reality in the green
supply chain. Second, to examine the performance of the dual-
channel green supply chain, this paper compares the dynamic
and static wholesale pricing strategies for the first time. -ird,
the dominant parameter regions of the dynamic and static
wholesale pricing strategies are described, respectively, which
helps the supply chain members make the right decisions.

-e rest of the paper is organized as follows. A review of
the extant literature is presented in Section 2. In Section 3,
we establish a Stackelberg differential game model. Section 4
and Section 5 examine the dynamic wholesale pricing
strategy and the static wholesale pricing strategy, re-
spectively. In Section 6, the effects of key system parameters
are analysed, and the two pricing strategies are compared by
numerical simulation. Section 7 concludes this paper.

2. Literature Review

Our study is related to the literature on green product, dual-
channel green supply chain, and pricing strategy.

Environmental problem has become a rising concern
around the world, and many researchers have engaged in the
study of green products [3, 4, 9]. -e literature of green
product usually focuses on both economic and environ-
mental benefits, which is closely related to the investment
and operation activities of firms. Many firms improve the
product’s green level by investing in technology innovation
[15] or introducing eco-labeling [16]. Noci and Verganti [17]
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showed that the improvement of social environmental
awareness promotes more andmore manufacturers to invest
in green innovation and improve production. Chang and
Fong [18] proposed the notions of green customer satis-
faction and green customer loyalty, which provides a re-
search framework to investigate green supply chains.
Ramayah et al. [19] examined the effects of individual value
and attitude on the purchase intention of a green product in
a developing country. Jamali and Rasti-Barzoki [20] in-
vestigated the pricing and greening decisions of a green
product competing with a nongreen product for
market share. Considering stakeholders’ environmental
responsibilities, Hong and Guo [21] explored the environ-
mental performance of several cooperation contracts in a
green supply chain. Different from the above studies, our
paper considers the energy efficiency level of a green product
as a dynamic evolution process and focuses on investigating
the performance of a dual-channel green supply chain.

-e rapid development of e-commerce has provided a
great opportunity for manufacturers to establish their own
channels, and the dual-channel green product sales mode
has been widely used in manufacturing industry. -e effects
of manufacturers developing direct channels on the green
supply chain have been discussed in many studies
[10, 11, 22]. Li et al. [12] studied the pricing and greening
decisions in both centralized and decentralized cases of a
dual-channel green supply chain. He et al. [23] analysed the
effects of consumers’ free riding and governmental
e-commerce tax on carbon emissions in a dual-channel
closed-loop supply chain. Based on a two-stage model, Basiri
and Heydari [24] explored the coordination between a
nongreen product channel and a substitutable green product
channel. Chen et al. [25] considered the difference of en-
vironmental sustainability in different channels and dis-
cussed the effects of environmental sustainability on pricing
policies in both centralized and decentralized models. Zhou
et al. [26] studied the emission reduction behavior in a green
supply chain with two cases of retail-channel and dual-
channel and extended the problem to involve both cap-and-
trade regulation and consumers’ low-carbon preference. In
the above studies, each green supply chain member may be
better or worse off from adding the manufacturer’s direct
channel. When a product’s green level is considered as a
dynamic evolution process, what is the performance of the
dual-channel supply chain? Different from the previous
literature, this paper investigates the dynamic and static
wholesale pricing strategies in a green dual-channel supply
chain, which provides some insights into choosing pricing
strategy.

Pricing is regarded as a tool for regulating operations
and improving performance. -e pricing mode generally
includes static pricing and dynamic pricing based on
whether prices change over time or not. Static pricing means
that prices remain constant for a long period of time [27, 28].
Dynamic pricing means that prices change over time
[29, 30]. Some studies focus on the comparison between the
two pricing strategies. For example, Cachon and Feldman
[31] showed that facing strategic consumers, firms prefer to
adopt static pricing rather than dynamic pricing. Zhang et al.

[32] examined the effects of static pricing and dynamic
pricing on a supply chain and compared the results in
different pricing modes. In our paper, we consider the
dynamic energy efficiency level of a green product and focus
on the comparison between dynamic wholesale pricing and
static wholesale pricing in a dual-channel green supply
chain.

Different from the above studies, our work extends the
study of Shaorui et al. [33] to a dynamic scenario where the
energy efficiency level is considered as a dynamic evolution
process. -is paper aims to investigate the wholesale pricing
strategy in a dual-channel green supply chain. By formu-
lating and solving the Stackelberg differential game prob-
lems, we obtain and compare the results of decisions and
profits under the dynamic and static wholesale pricing
strategies. We show the dominant parameter regions of the
dynamic and static wholesale pricing strategies, respectively,
which provides theoretical basis and management sugges-
tions for the supply chain members to choose the optimal
wholesale pricing strategy.

3. The Model

Consider a dual-channel green supply chain consisting of
one manufacturer (m) and one retailer (r), where the
manufacturer invests in green innovation and produces a
green product for relieving the increasing environmental
pressure. -e manufacturer indirectly sells the product
through the retailer with charging a wholesale price w and
also directly sells the product by developing a direct selling
channel. Consumers can purchase the product from the
traditional retail channel or the direct channel.

Following the previous literature [34, 35], a growing
number of manufacturers have made heavy investments in
R&D of green innovation for increasing the product’s energy
efficiency level to meet the social demand for environmental
protection. -e rapid development of technology allows the
energy efficiency level to continuously improve, and thus it is
more practical to characterize the level as a dynamic variable
that depends on time [4]. Besides, the advancing technology
also increases the energy efficiency standard, which means
that a product’s energy efficiency level degrades over time.
For example, Minimum Energy Performance Standards
(MEPS) are usually updated every 4-5 years, increasing by
about 10% over the previous level each time [36]. -us, the
product’s energy efficiency level θ(t) is positively influenced
by green innovation u(t) but is subject to spontaneous decay
due to the improvement of the energy efficiency standard
over time. To capture the evolution of the energy efficiency
level, the differential equation is introduced as follows:

_θ(t) � u(t) − kθ(t),

θ(0) � θ0,
(1)

where k> 0 is the decay coefficient of the energy efficiency
level and θ0 denotes the initial energy efficiency level.

-e manufacturer and the retailer, respectively, decide
the direct selling price pm and the retail price pr for the
product. pm has a negative effect on the demand in the direct
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channel and has a positive effect on the demand in the retail
channel, and for pr, vice versa. With the improvement of
social environmental awareness, consumers prefer envi-
ronmentally friendly products [34, 37]. -is means that a
higher energy efficiency level will bring more demand. -us,
the demand Dr of the retail channel and the demand Dm of
the direct channel, inspired by Zhang et al. [4], are given by

Dr � ϕa − pr + bpm + βrθ,

Dm � (1 − ϕ)a − pm + bpr + βmθ,
(2)

where a is a constant, representing the basic market size of
the green product. 0≤ b≤ 1 is the price competition co-
efficient, reflecting the impact of the price in one channel on
sales of its competitive channel. 0< βr < 1 and 0< βm < 1
represent the expansion effectiveness of the energy efficiency
level to the demands in the retail channel and the direct
channel, respectively. Since the consumers visiting a physical
store can carefully check the green product, they have a
higher energy efficiency perception than that in the direct
channel, i.e., βr > βm. 0≤ ϕ≤ 1 denotes the degree of con-
sumer loyalty to the retail channel and is exogenous, and
1 − ϕ corresponds to the direct channel. -is is a common
assumption that the two channels share the total market
demand in a dual-channel supply chain [38].

Although green innovation activities usually depend on
the use of specific tools or machines, the adoption of such
tools is considered as an instantaneous effort, and thus they
do not affect the unit production cost of the green product
[39]. According to a widely used form [40–42], the in-
vestment cost of green innovation is assumed to be convex
and quadratic in green innovation level, i.e.,

C(u) �
1
2
ηu

2
, (3)

where η> 0 is the cost efficiency.-is assumption implies the
marginally increasing cost of green innovation. In addition,
to focus on our study, we normalize the production cost, the
inventory-related costs, and the selling costs to be zero
[43, 44].

Over an infinite planning horizon with the positive
discount rate ρ, the objective functionals of themanufacturer
and the retailer can be expressed as

Jm � 
∞

0
e

− ρt
wDr + pmDm −

1
2
ηu

2
 dt,

Jr � 
∞

0
e

− ρt
pr − w( Drdt.

(4)

Considering that the energy efficiency level is a dynamic
state, in the following sections, we explore two wholesale
pricing strategies of the manufacturer: dynamic wholesale
pricing strategy (D) and static wholesale pricing strategy (S).
Specifically, we first derive the equilibrium decisions and
profits of both members under the two pricing strategies and
then compare these outcomes to obtain the main managerial
implications by numerical simulation.

4. Dynamic Wholesale Pricing Strategy (D)

In this section, we discuss the scenario where the manu-
facturer provides a dynamic wholesale price to the
downstream retailer. As in many theoretical and empirical
studies [10, 28, 45], the manufacturer and the retailer,
respectively, act as the leader and the follower in a
Stackelberg game. Specifically, the manufacturer first de-
cides the green innovation level u(t), the dynamic
wholesale price w(t), and the direct selling price pm(t);
then, based on the leader’s decisions, the retailer de-
termines the retail price pr(t). -e goals of both players are
to maximize their respective profits.

-e differential game problem between the twomembers
is formulated as follows:

max
u(·),w(·),pm(·)


∞

0
e

− ρt
w(t)Dr + pm(t)Dm −

1
2
ηu

2
 dt

max
pr(·)


∞

0
e

− ρt
pr(t) − w(t)( Drdt

s.t. _θ(t) � u(t) − kθ(t), θ(0) � θ0.
(5)

Based on backward induction, we first identify the op-
timal retail price by solving the optimization problem of the
retailer and then substitute the retailer’s response function
into the optimization problem of the manufacturer to re-
cursively derive the optimal wholesale price, direct selling
price, and green innovation level.

By solving the corresponding Hamilton–Jacobi–Bellman
(HJB) equations for the dynamic optimization problems of
the two members, we can obtain their feedback equilibria,
whichmeans that the pricing and green innovation decisions
depend on the energy efficiency level. We use VD

m and VD
r as

the value functions for the manufacturer and the retailer,
respectively, where the superscript “D” denotes the case with
the dynamic wholesale pricing strategy. -e HJB equations
are given by

ρV
D
m � max

u(t),w(t),pm(t)

⎧⎨

⎩w(t)Dr + pm(t)Dm −
1
2
ηu

2
(t)

+
zVD

m
zθ

(u(t) − kθ(t))
⎫⎬

⎭,

ρV
D
r � max

pr(t)
pr(t) − w(t)( Dr +

zVD
r

zθ
(u(t) − kθ(t)) .

(6)

Proposition 1. With the dynamic wholesale pricing strategy,
the equilibrium green innovation level, wholesale price, direct
selling price, and retail price, respectively, are
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u
D

(θ) �
m2

η
+
2m1

η
θ, (7)

w
D

(θ) �
a(b + ϕ − bϕ)

2 − 2b2
+

bβm + βr( 

2 − 2b2
θ,

(8)

p
D
m(θ) �

a(b − 1)ϕ + a

2 − 2b2
+

bβr + βm( 

2 − 2b2
θ,

(9)

p
D
r (θ) �

a b2ϕ + 2b(ϕ − 1) − 3ϕ( 

4 b2 − 1( )
+

b2 − 3( βr − 2bβm( 

4 b2 − 1( )
θ,

(10)

where

m1 � η(ρ + 2k) −
ξ

4 1 − b2( )
,

m2 �
aη b2ϕ − 2b(ϕ − 1) + ϕ( βr + 2((b − 1)ϕ + 1)βm( 

4 1 − b2( ) η(k + ρ) − 2m1( 
,

ξ �

�����������������������������������������������

b2 − 1( )η b2 − 1( )η(2k + ρ)2 + b2 + 1( )β2r + 4bβmβr + 2β2m 



.

(11)

By differentiating the feedback equilibrium green in-
novation level, wholesale price, and sales prices of the direct
and retail channels to the energy efficiency level, we have
(zpD

r (θ)/zθ)> (zwD(θ)/zθ)> (zpD
m(θ)/zθ)> 0. -ese in-

equalities, on the one hand, indicate that the energy efficiency
level has positive effects on the wholesale price and sales prices,
i.e., as the energy efficiency level increases, the manufacturer
will set higher wholesale and direct selling prices and the re-
tailer will raise the retail price; on the other hand, they show the
fact that the effect of the energy efficiency level on the retail
price is greater than that on the wholesale price which is
stronger than that on the direct selling price. In addition, from
zuD(θ)/zθ > 0 for any value of θ, it can be obtained that the
manufacturer will make more investments in green innovation
as the energy efficiency level increases.

Substituting equation (7) into equation (1) leads to the
accumulated energy efficiency level over time, which is
presented as follows.

Proposition 2. With the static wholesale pricing strategy,
the path of the energy efficiency level over time is

θD(t) � θD∞ + θ0 − θD∞ e
− B1t

, (12)

where

B1 �
b2 − 1( ηρ + ξ
2 b2 − 1( )η

,

θD∞ � −
a b2 − 1( η b2ϕ − 2b(ϕ − 1) + ϕ( βr + 2((b − 1)ϕ + 1)βm( 

ξ − b2 − 1( )ηρ(  b2 − 1( )ηρ + ξ( 
.

(13)

When 4(b2 − 1)ηk(k + ρ) + (b2 + 1)β2r + 4bβmβr + 2β2m
> 0, B1 > 0, and the energy efficiency level presented in equation
(12) will converge to the steady state θD∞.

Substituting the equilibrium energy efficiency level θD(t)

into equations (7)–(10), we get the equilibrium green in-
novation level, wholesale price, and sales prices of the direct
and retail channels.

Proposition 3. With the dynamic wholesale price strategy,
the equilibrium green innovation level, wholesale price,
direct selling price, and retail price paths over time, re-
spectively, are

u
D

(t) � u
D
ss +

2m1

η
θ0 − θD∞ e

− B1t
, (14)

w
D

(t) � w
D
ss +

bβm + βr( 

2 − 2b2
θ0 − θD∞ e

− B1t
, (15)

p
D
m(t) � p

D
mss +

bβr + βm( 

2 − 2b2
θ0 − θD∞ e

− B1t
, (16)

p
D
r (t) � p

D
rss +

b2 − 3( βr − 2bβm( 

4 b2 − 1( )
θ0 − θD∞ e

− B1t
, (17)

where

u
D
ss � −

ak b2ϕ − 2b(ϕ − 1) + ϕ( βr + 2((b − 1)ϕ + 1)βm( 

4 b2 − 1( )ηk(k + ρ) + b2 + 1( )β2r + 4bβmβr + 2β2m
,

w
D
ss �

a 4ηk(b(ϕ − 1) − ϕ)(k + ρ) +((b + 2)ϕ − 2)βmβr + b(ϕ − 1)β2r + 2ϕβ2m 

2 4 b2 − 1( )ηk(k + ρ) + b2 + 1( )β2r + 4bβmβr + 2β2m 
,

p
D
mss � −

a 4ηk((b − 1)ϕ + 1)(k + ρ) + ϕβmβr +(ϕ − 1)β2r 

2 4 b2 − 1( )ηk(k + ρ) + b2 + 1( )β2r + 4bβmβr + 2β2m 
,

p
D
rss �

a 2ηk((b − 1)(b + 3)ϕ − 2b)(k + ρ) + 2bβr + 3βm(  ϕβm +(ϕ − 1)βr( ( 

8 b2 − 1( )ηk(k + ρ) + 2 b2 + 1( )β2r + 8bβmβr + 4β2m
.

(18)
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By differentiating the steady states of green innovation
level, wholesale price, and sales prices of the direct and retail
channels to the key parameters, we can derive the following
corollary.

Corollary 1. For the comparative statics of wD
ss , uD

ss , pD
mss,

and pD
rss with respect to key parameters ϕ, ρ, and k, we have

the following:

(1) (zuD
ss/zϕ)< 0, (zwD

ss/zϕ)> 0, (zpD
mss/zϕ)< 0, (zpD

rss/
zϕ)> 0

(2) (zuD
ss/zρ)< 0, (zwD

ss/zρ)< 0, (zpD
mss/zρ)< 0, (zpD

rss/
zρ)< 0

(3) (zuD
ss/zk)< 0, (zwD

ss/zk)< 0, (zpD
mss/zk)< 0, (zpD

rss/
zk)< 0

The results in Corollary 1 (1) show that when the
number of consumers in the direct channel increases, the
manufacturer prefers to invest more in green innovation and
provides a higher direct selling price; as more consumers
visit the retail store, the manufacturer will charge a higher
wholesale price and the retailer will set a higher retail price.
From Corollary 1 (2), we can obtain that as the discount rate
decreases, the manufacturer’s future earnings will increase
significantly, which promotes the manufacturer to invest
more in green innovation, and thus the manufacturer
charges a higher wholesale price and sets a higher direct
selling price; as a response, the retailer will set a higher retail
price. It can be seen from Corollary 1 (3) that when the decay
coefficient of the energy efficiency level is low, there will be
more investments in green innovation, higher wholesale
price, and higher sales prices.

According to equations (14)–(17), we describe two
pricing strategies: skimming pricing and penetration

pricing, which are distinguished based on the relationship
between θ0 and θD∞ and are illustrated as follows.

Corollary 2. With the dynamic wholesale pricing strategy,
we have the following:

(1) If θ0 > θ
D
∞, the wholesale price and the sales prices

decrease with time, both the supply chain members
take skimming pricing

(2) If θ0 < θ
D
∞, the wholesale price and the sales prices

increase with time, both the supply chain members
take penetration pricing

(3) If θ0 � θD∞, the wholesale price and the sales prices are
constant over the planning time

The above corollary shows that when the steady energy
efficiency level is lower than the initial energy efficiency level,
the pricing trajectories are monotonically increasing with
time. The intuition is that if the initial energy efficiency level
is sufficiently high, the manufacturer will gradually reduce
the green innovation investment, which leads to decreased
energy efficiency level. As a result, the number of consumers
both in the direct and retail channels becomes less, which
prompts the manufacturer to adopt a low price strategy to
boost consumption and provide a lower wholesale price to
maintain a good business relationship with the retailer.

With the equilibrium decisions under the dynamic
wholesale pricing strategy, the profits of the manufacture
and the retailer are given by

J
D
m � m1θ

2
0 + m2θ0 + m3, (19)

J
D
r � n1θ

2
0 + n2θ0 + n3, (20)

where

m3 �
4 b2 − 1( m2

2 − a2η((b − 1)ϕ((b − 3)ϕ + 4) + 2)

8 b2 − 1( )ηρ
,

n1 �
1 − b2( ηβ2r

16ξ
,

n2 �
aη b2 − 1( ϕβr η(k + ρ) − 2m1(  − 4n1 b2ϕ − 2b(ϕ − 1) + ϕ( βr + 2((b − 1)ϕ + 1)βm( ( 

8 b2 − 1( ) η(k + ρ) − 2m1( 
2 ,

n3 �
a2ηϕ2 + 16m2n2

16ρη
.

(21)

5. Static Wholesale Pricing Strategy (S)

In this section, we consider the case where the manufacturer
and the retailer trade through a static wholesale price. In this
scenario, the manufacturer commits a reasonable wholesale
price at the beginning of the selling season and keeps it for a
long time.

Similar to the dynamic wholesale pricing problem, the
static one is also a Stackelberg differential game, and the
sequence of the game is as follows. -e manufacturer first
commits the static wholesale price w and then decides the
green innovation level u(t) and the direct selling price
pm(t). Based on these decisions, the retailer determines the
retail price pr(t).
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-e differential game problem between the members can
be formulated as follows:

max
w,u(·),pm(·)


∞

0
e

− ρt
wDr + pm(t)Dm −

1
2
ηu

2
 dt

max
pr(·)


∞

0
e

− ρt
pr(t) − w( Drdt

s.t. _θ(t) � u(t) − kθ(t), θ(0) � θ0.
(22)

According to backward induction, we first solve the
retailer’s optimization problem to determine the optimal
retail price. -en, by substituting the retailer’s response
function into the manufacturer’s problem, the optimal direct
selling price and green innovation level are recursively
derived. Finally, the optimal wholesale price is identified to
maximize the manufacturer’s profit. We use VS

m and VS
r to

denote the value functions of the manufacturer and the
retailer, respectively, in the static wholesale pricing case. -e
HJB equations are given by

ρV
S
m � max

pm(t),w,u(t)

⎧⎨

⎩wDr + pm(t)Dm −
1
2
ηu

2
(t)

+
zVD

m
zθ

(u(t) − kθ(t))
⎫⎬

⎭,

(23)

ρV
S
r � max

pr(t)
pr(t) − w( Dr +

zVD
r

zθ
(u(t) − kθ(t)) . (24)

-e feedback equilibrium decisions of the manufacturer
and the retailer can be obtained and presented as follows.

Proposition 4. With the static wholesale pricing strategy,
the equilibrium wholesale price, green innovation level, and
sales prices, respectively, are

w
S

�
1

2A1 − 4A2
2βm a b

2
− 2 ϕβm + bθ0ρ τ − b

2
− 2 ηρ  

+ βr a b
2

− 2 ((b + 2)ϕ − 2)βm + 2θ0ρ τ − b
2

− 2 ηρ  

+ 2a(b(ϕ − 1) − ϕ) b
2

− 2 η 2k
2

+ 2kρ + ρ2 − ρτ  

+ ab b
2

− 2 (ϕ − 1)β2r,

u
S
(θ) �

l2

η
+
2l1

η
θ,

p
S
m(θ) �

2 a + bwS(  + a(b − 2)ϕ
4 − 2b2

+
bβr + 2βm( 

4 − 2b2
θ,

p
S
r(θ) �

1
2

2b a + bwS(  + a(b − 2)bϕ
4 − 2b2

+ aϕ + w 

+
1
2

2bβm + b2βr
4 − 2b2

+ βr θ,

(25)

where
A1 � b

2
− 2  b

2
+ 1 β2r + 4bβmβr + 2β2m ,

A2 � b
2

− 1 ρτ + 2 b
4

− 3b
2

+ 2 η 2k
2

+ 2kρ + ρ2 ,

τ �

�������������������������������������������

b2 − 2( )η b2 − 2( )η(2k + ρ)2 + b2β2r + 4bβmβr + 4β2m 



,

l1 �
b2ηρ + 2b2ηk + τ − 2ηρ − 4ηk

4 b2 − 2( )
,

l2 � −
η 2βm(a((b − 2)ϕ + 2) + 2bw) + βr(ab((b − 2)ϕ + 2) + 4w)( 

4 b2 − 2( ) η(k + ρ) − 2m1( 
.

(26)

Substituting equation (20) into equation (1), we can
obtain the accumulated energy efficiency level over time,
which is described in the following proposition.

Proposition 5. With the static wholesale pricing strategy,
the path of the energy efficiency level over time is

θS(t) � θS∞ + θ0 − θS∞ e
− B2t

, (27)

where

B2 �
4 2 − b2( ηk(k + ρ) − b2β2r − 4bβmβr − 4β2m

2 b2(− η)ρ − ϖ + 2ηρ( 
,

θS∞ �
2βm(a((b − 2)ϕ + 2) + 2bw) + βr(ab((b − 2)ϕ + 2) + 4w)

4 2 − b2( )ηk(k + ρ) − b2β2r − 4bβmβr − 4β2m
.

(28)

When 4(2 − b2)ηk(k + ρ) − b2β2r − 4bβmβr − 4β2m > 0,
B2> 0, and the energy efficiency level presented in equation
(24) will converge to the steady state θS∞.

Similar to the dynamic wholesale pricing case, based on
the gap of θ0 and θ

S
∞, both the supply chain members choose

the skimming pricing or the penetration pricing.

6. Numerical Study

Despite having derived the analytical results of the equi-
librium decisions and profits, it is difficult to further obtain
managerial insights analytically due to the complexity of
expressions. In this section, we conduct extensive numerical
examples to demonstrate the robustness of the results and
obtain the effects of key system parameters on the green
supply chain and numerically compare the two strategies to
obtain main managerial implications.

-e basic parameters are set as follows:

Demand parameters: a � 20, b � 0.1, βm � 0.9, and
βr � 0.7
Energy efficiency parameters: k � 0.9 and θ0 � 10
Profit parameters: ϕ � 0.1, ρ � 0.5, and η � 1

-ese parameters are selected based on previous studies
on the green supply chain [4, 12].
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6.1. Sensitivity Analysis. -e preferences for wholesale
pricing of the supply chain members are affected by some key
system parameters: the degree of customer loyalty to the retail
channel (ϕ), the price competition intensity between the direct
and retail channels (b), the decay coefficient (k), the green
innovation cost parameter (η), and the discount rate (ρ).

We focus on the steady states of decision variables in this
study. Tables 1 and 2 report the effects of the main pa-
rameters on the long-term decision-making behaviors and
profits of the supply chain members under the dynamic and
static wholesale pricing strategies, respectively.-e results of
sensitivity analysis are summarized as follows.

A larger discount rate ρ leads to lower steady-state
wholesale price, sales prices, green innovation level, and
profits under the two pricing strategies. From an economic
point of view, the larger discount rate indicates that the
decision makers are less patient. It is intuitive that a less
patient manufacturer has more motivation to cut the
wholesale price and the direct selling price to stimulate
demand rather than increase the green innovation in-
vestments.-is also makes the retailer reduce the retail price
to maximize his own profit. With the discount rate gradually
becoming larger, the product demand in the retail and direct
channels would be smaller, since the negative effect of the
reduced energy efficiency level dominates the positive effect
of decreasing the sales prices on the demands. -erefore,
regardless of the wholesale pricing mode, the profits of each
member and the whole supply chain are reduced.

-e degree of consumer loyalty to the retail channel
positively affects the steady-state wholesale price, retail price,
and profit of the retailer, while negatively affects the steady-
state direct selling price, green innovation, and profits of the
manufacturer and the whole supply chain. A higher ϕmeans
that the consumers are inclined to buy products from the
retail channel, and the purchase amount in the direct
channel is reduced. When there is a higher ϕ, the retailer has
more incentives to grab higher profit via a high retail price.
Aiming at competing with the retail channel and main-
taining a suitable profit level in the direct channel, the
manufacturer is motivated to increase the wholesale price
and cut the direct selling price. As a result, the manufacturer
obtains a lower profit and thus invests less in green in-
novation under each wholesale pricing strategy.

With the substitutability parameter b increasing, the
steady-state wholesale price, retail and direct selling prices,
green innovation level, and profits of each member and the
whole supply chain under each wholesale pricing strategy
increase. A higher b implies that the demands are expanded
in both channels, and themembers have incentives to choose
higher prices. -e manufacturer invests more in green in-
novation for building up a higher energy efficiency level.
Regardless of the wholesale pricing mode, the profits of both
members and the whole supply chain will increase as the
market demands and prices increase.

It can be also found that the decay coefficient k of energy
efficiency level negatively affects the steady-state wholesale
price, sales prices, green innovation, and profits of both
members and the whole supply chain. As k increases, the
manufacturer has less incentives to invest in green

innovation, and thus bothmembers have to cut the prices for
retaining consumers. As a result of shrinking market de-
mands and reduced sales prices, the profits of both members
decrease. In addition, it is intuitive that the increased green
innovation cost parameter η has similarly negative effects
with the decay coefficient k on the green supply chain.

6.2. Comparison of Two Wholesale Pricing Strategies. In this
section, we compare the dynamic and static wholesale
pricing strategies. To easily present the comparison results,
we useΔw, Δpr, Δpm, and Δu to denote the differences of the
steady-state wholesale price, retail price, direct selling price,
and green innovation level between the two pricing strat-
egies, respectively. -e differences of the profits of the whole
supply chain, the manufacturer, and the retailer between the
two pricing strategies are denoted by ΔJ, ΔJm, and ΔJr,
respectively. We carry out extensive numerical studies to
obtain more managerial implications. -e comparison re-
sults concerning the steady-state wholesale price, sales
prices, green innovation level, and profits of each member
and the whole supply chain between the two wholesale
pricing strategies are shown in Figures 1–8.

From Figures 1–8, we can find that the profit of the
manufacturer with the dynamic wholesale pricing strategy is
always higher than that with the static pricing strategy, i.e.,
π∗Dm > π∗Sm . In general, since the dynamic strategy has more
flexibility and timeliness than the static strategy in pricing
adjustment, the manufacturer will reach a higher profit with
adopting the dynamic wholesale pricing strategy as com-
pared to the static wholesale pricing strategy.

Specifically, it can be seen from Figure 1 that as the degree
of the consumer loyalty to the retail channel ϕ increases, Δw
gradually changes from positive to negative.-is demonstrates
that the wholesale price under the dynamic pricing strategy is
higher than the static one when ϕ is small, and the former is
lower than the latter when ϕ is large, with the threshold
ϕ � 0.21. Also, with the increase of parameterϕ, the sales prices
and the green innovation level have the similar trends with the
wholesale price. It should be noted that for a larger ϕ, the
manufacturer prefers to invest less in green innovationwith the
dynamic pricing strategy than that with static one, which is in
consistent with the conclusions in Zhang et al. [4]. According
to Figure 2, we can find that the differences of the profits of the
retailer and the whole supply chain between the two wholesale
pricing strategies, ΔJr and ΔJ, gradually change from positive
to negative as ϕ increases, while the difference of the manu-
facturer’s profit ΔJm ≥ 0. Moreover, we find that in Figure 2,
the threshold of ϕ is also 0.21. Specifically, when ϕ> 0.21, if the
manufacturer adopts the static pricing strategy, the profits of
the retailer and the whole supply chain are always higher than
that in the dynamic case, i.e., J∗Sr > J∗Dr and J∗S > J∗D. -ere is
an interesting finding that the efficiency of the whole supply
chain is improved with a static wholesale price, but the
manufacturer has a loss of profit.

Once the profit decreases, the manufacturer will in-
evitably reduce the initiative to adopt the static pricing
strategy. For this, the transfer payment contract (the profit
distribution of the supply chain members) can be given by
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Jm � J
D
m − μΔJ,

Jr � J
D
r − (1 − μ)ΔJ,

(29)

where 0< μ< 1 is the distribution ratio of the difference of the
profit of the whole supply chain between the two pricing
strategies, which can be determined by negotiation between
the manufacturer and the retailer. -e transfer payment
contract allows the manufacturer to receive a certain amount
of compensation, which addresses the problem of insufficient
incentives for the manufacturer to adopt static pricing. Fig-
ure 2 shows that when ϕ> 0.21, ΔJ< 0, which implies that the

supply chain has higher operating efficiency when adopting
static pricing compared with dynamic pricing. Hence, with
the transfer payment contract, the manufacturer is motivated
to adopt static pricing, and this leads to higher profits of both
members as compared with the dynamic one, which results in
a win-win outcome for both members.

As mentioned above, when a large number of consumers
prefer to buy goods from the direct channel, the dynamic
wholesale pricing strategy makes the supply chain more effi-
cient than the static one. However, when more and more
consumers turn to the physical store, the static wholesale
pricing strategy combined with the transfer payment contract

Table 1: Steady-state decisions and profits under dynamic pricing.

Parameter p∗Dm w∗D u∗D p∗Dr π∗Dm π∗Dr π∗D

Benchmark 13.337 7.009 9.350 9.846 293.359 15.674 309.033

ρ

0.10 17.240 11.801 18.155 16.840 1634.740 223.695 1858.440
0.30 14.664 8.638 12.343 12.224 497.515 36.763 534.278
0.70 12.528 6.015 7.525 8.397 210.363 9.447 219.810
0.90 11.983 5.347 6.296 7.421 165.345 6.741 172.085

ϕ

0.05 13.864 6.643 9.513 9.271 312.318 13.236 325.554
0.15 12.810 7.375 9.187 10.422 275.745 18.319 294.064
0.20 12.284 7.741 9.025 10.997 259.478 21.171 280.648
0.25 11.757 8.107 8.862 11.572 244.555 24.229 268.784

k

0.75 16.521 10.919 13.778 15.552 331.885 27.010 358.895
0.80 15.083 9.152 11.812 12.975 316.310 21.892 338.202
0.85 14.077 7.918 10.408 11.173 303.752 18.305 322.058
0.95 12.771 6.313 8.521 8.831 284.582 13.674 298.256

b

0.05 12.527 5.789 8.326 8.371 276.719 14.089 290.808
0.15 14.398 8.467 10.615 11.621 313.787 17.719 331.506
0.20 15.807 10.272 12.222 13.828 339.144 20.442 359.586
0.25 17.726 12.600 14.337 16.684 371.162 24.218 395.381

η

0.60 22.104 17.773 29.125 25.554 380.649 55.389 436.038
0.80 15.467 9.625 14.156 13.663 318.079 23.922 342.001
1.20 12.286 5.719 6.980 7.964 280.006 12.115 292.121
1.40 11.661 4.951 5.569 6.843 271.622 10.186 281.808

Table 2: Steady-state decisions and profits under static pricing.

Parameter p∗Sm w∗S u∗S p∗Sr π∗Sm π∗Sr π∗S

Benchmark 13.316 6.921 9.311 9.782 293.356 15.653 309.008

ρ

0.10 16.932 10.904 17.521 16.059 1628.630 223.720 1852.350
0.30 14.481 7.982 11.984 11.707 497.092 36.638 533.730
0.70 12.616 6.440 7.686 8.694 210.329 9.541 219.870
0.90 12.142 6.200 6.576 7.995 165.262 6.899 172.161

ϕ

0.05 13.833 6.514 9.455 9.176 312.311 13.210 325.521
0.15 12.799 7.328 9.166 10.387 275.745 18.305 294.050
0.20 12.282 7.735 9.022 10.992 259.478 21.169 280.646
0.25 11.765 8.141 8.878 11.598 244.555 24.242 268.796

k

0.75 15.760 8.594 12.487 13.577 330.781 27.126 357.907
0.80 14.727 7.925 11.183 11.990 315.920 21.855 337.775
0.85 13.937 7.378 10.150 10.760 303.661 18.234 321.894
0.95 12.818 6.533 8.613 8.988 284.561 13.754 298.315

b

0.05 12.558 5.948 8.393 8.484 276.709 14.142 290.851
0.15 14.275 8.030 10.407 11.289 313.722 17.653 331.375
0.20 15.495 9.324 11.741 13.082 338.867 20.392 359.259
0.25 17.066 10.873 13.399 15.269 370.354 24.295 394.649

η

0.60 19.274 11.234 23.113 19.137 373.730 55.302 429.031
0.80 15.044 8.215 13.308 12.514 317.504 23.910 341.414
1.20 12.382 6.201 7.152 8.295 279.907 12.334 292.241
1.40 11.798 5.742 5.803 7.362 271.332 10.677 282.009
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will be the better one. Note that in practice, the manufacturer
usually incurs the cost of adjusting the wholesale price if
adopting dynamic pricing, which can be found in [46].
Moreover, there are some negative effects of adjusting the
wholesale price frequently, such as damaging the commercial

relationship between the manufacturer and the retailer and
hurting the goodwill of the manufacturer. -erefore, the
manufacturer has to weigh the pros and cons of dynamically
adjusting the wholesale price. From this point of view, the static
pricing strategy may be the better choice for the manufacturer.

As presented in Figure 3, the differences of the wholesale
price, sales price, and green innovation level between the two
pricing strategies change from negative to positive with the
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sales price competition intensity b increasing. Specifically,
when b< 0.08, the wholesale price, sales prices, and green
innovation level are higher under the dynamic pricing
strategy as compared to the static one and vice versa. From
Figure 4, we can observe that the manufacturer’s profit with
the dynamic pricing strategy is always higher than that with
the static one. Interestingly, the retailer is better off adopting
the dynamic pricing strategy when the degree of competition
between the direct and retail channels is medium, and

otherwise worse off. For the whole supply chain, when
b> 0.8, the supply chain has a greater profitability with the
dynamic wholesale pricing strategy, and otherwise the static
wholesale pricing strategy combined with the transfer
payment contract is the better choice.

Figures 5–8 show the differences of the steady-state
decisions and profits of the supply chain between the two
pricing strategies with the changes of the decay coefficient k
of energy efficiency level and the cost parameter η of green
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innovation. Similar to the above analysis, both the two
parameter spaces are also divided into two parts using
different pricing strategies. -is provides some theoretical
references for the supply chain members to choose the
optimal strategy and further helps optimize the supply chain.

Due to the difference of consumption experience,
consumers in the direct and retail channels have different
energy efficiency perceptions. Figure 9 characterizes the
effects of βm and βr on the profits of the supply chain
members. Specifically, when the parameters βm and βr are in
the red area, the members obtain more profits with the
dynamic wholesale pricing strategy as compared to the static
one; when βm and βr are in the green area, it is opposite for
the members; the blank areas are meaningless due to the
nonpositive equilibrium. It is intuitive to see that in Figure 9,
the green area is larger than the red area, which means that
the dynamic wholesale pricing strategy will be the better
choice in most cases, and only when the effects of energy
efficiency level on the demands in both channels are rela-
tively large, the members prefer the static wholesale pricing
strategy. By setting the value of the parameter θ0 from 8 to
12, Figures 10 and 11 show that with a larger θ0, the division
of strategic areas does not change much, but the green area
becomes larger. -is demonstrates that the higher the initial
energy efficiency level of the product is, the more likely it is
to adopt the dynamic wholesale pricing strategy.

7. Conclusion

With the enhancement of social environmental awareness,
more and more people prefer to green products, and a
growing number of manufacturers begin to produce green
products. In this paper, we consider a dual-channel green
supply chain, in which consumers of the direct and retail
channels have different energy efficiency perceptions due to
different purchasing experiences. -e energy efficiency level
of the product evolves over time and thus is characterized as
a dynamic variable.-e supply chain members need to make
the wholesale price, sales prices, and green innovation de-
cisions. We identify these decisions by developing and
solving a Stackelberg differential game problem. By com-
paring the dynamic and static wholesale pricing strategies,
we obtain some managerial insights. We further discuss the
effects of some key system parameters on the supply chain,
which also verifies the robustness of results in this paper.

Our main results show that the manufacturer has more
incentives to invest in green innovation when more con-
sumers buy the green product through the direct channel.
With an increased energy efficiency level of the product, the
manufacturer will charge a higher wholesale price and direct
selling price, and the retailer will also set a higher retail price.
By numerically comparing the profits of the supply chain
members between the two wholesale pricing strategies, we
find that the manufacturer prefers to adopt dynamic pricing
in most cases and prefers static pricing only when the
perceptions of the consumers of both channels are relatively
high. However, there is an interesting finding that the static
wholesale pricing strategy combined with the transfer
payment contract is the better choice in some cases. In
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addition, our sensitivity analysis shows that the increases of
discount rate ρ, decay coefficient k, and green innovation
cost parameter η will reduce the green innovation in-
vestment, wholesale price, sales prices, and the profits of
each member and the whole supply chain; for the channel
competition intensity b, it is the opposite for the supply
chain; for a higher degree of consumer loyalty to the retail
channel, the manufacturer will invest less in green in-
novation and charge a lower wholesale price but provide a
higher direct selling price, and the retailer will set a lower
retail price, which leads to a reduced profit of the manu-
facturer and increased profits of the retailer and the whole
supply chain. -e sensitivity analysis further verifies the
robustness of the results of this paper.

Despite our research providing theoretical understandings
and practical insights for the dual-channel green supply chain,
there are some other factors to be taken into consideration.We
can extend our study in the future by involving far-sight and
short-sight behaviors of the supply chain members.
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