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Abstract: With the increasing public awareness of environmental issues, green production has
become an important issue for supply chain management. This study proposes an analytical model
to investigate the dual-channel green supply chain decisions of a retailer and a competitive supplier;
the latter suffers from unreliable production yield. The retailer’s environmental responsibility is
considered as a two-echelon supply chain in which the retailer promotes the green product in their
marketplace through green marketing. This problem is analyzed and modeled under three available
channel strategies, considered in the order in which channel selections are made: a single online
channel strategy, a single retail channel strategy, and a dual-channel strategy. The results show that
the wholesale price of the manufacturer and the green-marketing effect of the retailer increase with
the improvement in the level of the green production technology. Interestingly, the result reveals that
a retailer’s expected profit is unimodal in the production technology level under the dual-channel
strategy, which suggests that the retailer may not be incentivized to encourage the manufacturer
to improve its production technology once a threshold has been reached. Further, we develop the
channel selection: the retailer is strictly better off in the single retail channel scenario than that in
the dual-channel scenario; however, while the unreliable supplier is better off in the single online
channel scenario than that in the single retail channel scenario, its best option is still the dual-channel
strategy. Additionally, numerical results illustrate that the expected profits of supply chain parties
decrease with the improvement in customer acceptance of the online channel.

Keywords: green supply chain; yield uncertainty; dual-channel; green marketing

1. Introduction

Green production has gained increasing public attention in recent years [1]. At present,
many enterprises have realized the application of green supply chains by strengthening
their green design ability and improving their green management level. The implemen-
tation of a green supply chain enables enterprises to obtain environmental and economic
benefits, as well as to gain competitive advantages in the international market [2]. More
and more manufacturers are expanding their production lines, developing more environ-
mentally friendly alternatives, and building consumer trust and loyalty by improving the
quality and service of their green products. For example, some automobile enterprises
have developed and manufactured hybrid environment-friendly cars, and some clothing
enterprises are producing green clothing made of 100% organic fiber [3].

With economic globalization, many manufacturers in North America have started to
source from suppliers in developing countries such as India and China [4]; some of these
suppliers have proven to be unreliable. The manufacturers benefit from global sourcing by
reducing procurement costs. However, they also take on increased supply risk due to the

Sustainability 2021, 13, 5371. https://doi.org/10.3390/su13105371 https://www.mdpi.com/journal/sustainability

https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0003-4420-0023
https://orcid.org/0000-0002-5146-1275
https://orcid.org/0000-0003-1866-8378
https://www.mdpi.com/article/10.3390/su13105371?type=check_update&version=1
https://doi.org/10.3390/su13105371
https://doi.org/10.3390/su13105371
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/su13105371
https://www.mdpi.com/journal/sustainability


Sustainability 2021, 13, 5371 2 of 22

yield uncertainty of the unreliable suppliers. In fact, random yield—a situation in which
the input quantity may differ from the output quantity—is a common problem in many
industries. For example, in the semiconductor industry, the output of a manufacturer’s
production system may differ from the initial production quantity due to production
process risks or the failure of a replenishment batch to satisfy quality standards [5]. In
the agricultural industry, crop yield is uncertain because of many uncontrollable factors,
such as drought, flood, pests, or other natural disasters [6]. Uncertain supply can cause
significant losses for enterprises. Ericsson crop., for example, lost $400 million in sales
because of supply disruptions [7]. As a result, many companies, such as Wal-Mart and
Nokia, have adopted a dual sourcing strategy to reduce the supply risk [8]. To study the
strategy analysis of the green supply chain, in the basic model, we focus on stochastic
yield risk and consider a determined demand setting that has a practical impact on the
production plan of certain industries [9].

In a traditional supply chain model, retailers buy products from manufacturers and
sell them to consumers. At present, consumers have the opportunity to buy products
directly from manufacturers using online channels [10]. Selling green products online can
bring manufacturers higher profits [11]. As logistics systems become more efficient and
e-commerce platforms expand, such online direct sales are becoming more common at
companies like Amazon and JD.com [12]. Importantly, the cost of online selling is lower,
and online sales have the potential to bring products to a global scale. According to the
worldwide retail e-commerce sales report, the volume of online business will increase to
4 trillion dollars by 2020 [10]. In addition, according to data disclosed by Alibaba, the
gross merchandise volume by Tmall.com reached 74.1 billion dollars on 11 November
2020. Therefore, many manufacturers, such as Coca-Cola, GREE, and Nike, sell their
green products through both online and offline channels; this is known as a dual-channel
supply chain [13]. These activities create competition between manufacturers and retailers.
Therefore, it is necessary to analyze the dual-channel strategy analysis that is conducted by
manufacturers of green products.

Green marketing is an effective tool for transforming consumers’ green awareness
into actual purchasing behavior [14]. Philips, for example, used green marketing for its
Marathon product, which received the U.S. EPA’s Energy Star label and promised energy
cost savings of 26$ over its five-year lifetime. This green marketing strategy helped the
product’s sales climb by 12% [15]. Walmart and Carrefour, the two largest retailers, have
embedded suitability strategies into their business models and use green marketing to
achieve business success. Despite such examples, most retailers still face the problem of
how to channel their marketing efforts to promote green products.

To address the concerns raised above, in this paper, we consider a dual-channel green
supply chain consisting of a competitive manufacturer and a retailer. The manufacturer
is unreliable (i.e., has uncertain yield) in its green production, and the retailer sells the
green product to consumers in the end-user market by investing in green marketing. The
manufacturer can also open an online direct channel to sell the green product. The inverse
demand function for each channel is considered as a linear function of the input quantity
of the green product as well as of the green-marketing effort level of the retailer. The
input quantity of the retail channel’s green product and the level of the green-marketing
effort are selected by the retailer, while the input quantity of the online channel’s green
product and wholesale price are decided by the manufacturer. Three analytical decision
models are studied: a single online channel scenario, a single retail channel scenario, and a
dual-channel scenario.

In a duopoly with deterministic demand, traditional economic literature has mainly
two forms of competition: Bertrand and Cournot models. In the Bertrand (Cournot)
competition model, the firms set the retail prices (sales quantities), and the market then
subsequently sets the sales quantities (retail prices) [16]. Firms often choose to set prices,
not quantities, and hence Bertrand competition is more common. Despite the popularity of
Bertrand competition, Cournot competition should not be ignored as it provides unique
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equilibriums, and is used when there are capacity limitations, or more generally, decreasing
returns to scale [17]. Since the yield of the green product is random, this paper first
determines the input quantities of the dual-channel green products. The green products
are sold subsequently to customers at the market clearing prices. Therefore, similar to
Deo and Corbett [18], Jansen and Ozaltin [19], and Niu et al. [20], we assume that the
competitive supplier and the retailer engage in a Cournot-typed-competition model for the
manufacturer and the retailer under the dual-channel scenario, and the equilibrium results
are derived for the stated decision models.

The remainder of this paper is organized as follows. In Section 2, we review the
relevant literature. In Section 3, we describe the notations and the model. In Section 4, we
formulate and analyze the model of the single channels; in Section 5, we formulate and
analyze the model of the dual channel. In Section 6, we compare and discuss the decisions
under the three available supply chain channels and address interesting managerial insights.
In Section 7, we carry out numerical experiments that demonstrate the results derived in
Sections 4–6, and provide managerial insights. In Section 8, we conclude the study and
offer directions for future research. The partial proofs of the paper are provided in the
Appendix A.

2. Literature Review

Three streams of literature are closely related to this study: random yield, green
marketing, and dual-channel supply chain. In the following sections, we review relevant
studies related to each stream and highlight the research gap between this study and the
existing literature.

The first stream of the research mainly focuses on the operational management of
random yield. The research field that is related to random yield was started by Karlin [21]
and has attracted extensive attention in operational management. Henig and Gerchak [22]
comprehensively analyzed the production and inventory models by means of general
periodic reviews in the random yield setting. Grosfeld-Nir et al. [23] built a framework
to calculate the optimal batch and expected number of inspections under the uncertain
yield model. Bakal and Akcali [24] studied the effect of yield variation on the profitability
of remanufacturing in a reverse supply chain. Wang et al. [25] classified the uncertain
supply model into three groups: random capacity, random disruption, and random yield.
Yuan et al. [6] considered that supply disruption can be regarded as a particular case, and
the literature concerning random yield cases is also suitable for supply disruption cases.
Xue et al. [26] examined the diversification strategy for a mean-variance risk sensitive
manufacturer with unreliable suppliers. In addition, Zare et al. [27] organized the related
literature on random yield into two types: supply chain management and production
management. The first type studies the interaction of supply chain members under random
yield and uncertain parameters. The second type focuses on random yield under different
inventory control models and multi-stage inventory systems with rigid or random demand
and with fixed or variable production costs.

The second stream of research mainly focuses on the operational decisions involved
in green marketing. Over the past two decades, green marketing strategies have received
considerable academic attention [28]. Menon and Menon [29] proposed the view that an
effective green marketing strategy should be endorsed by the principles of enviropreneurial
marketing. Egri and Herman [30] found that a leader’s personal value and transforma-
tional leadership style have a positive impact of a firm’s green marketing strategy. Chan
et al. [28] summarized green marketing and its impact on supply chain management in
industrial markets. Cui et al. [31] discussed the coordination of green agricultural products
supply chains with revenue-sharing contracts, taking into consideration a farmer’s green
management and a retailer’s green marketing. Although empirical studies show that green
marketing plays an important role in promoting green products to achieve a sustainable
supply chain [14,32,33], green marketing is rarely considered in supply chain studies [15].
In this study, we present an inverse demand function in which green marketing is involved
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in market-clearing prices. In addition, we further investigate the optimal level of the
green-marketing effect of the retailer and its influencing factor.

The third stream of related research focuses on dual-channel supply chain manage-
ment. As e-commerce advances, dual-channel supply chain management is becoming a
hot topic, especially in the environment of the internet [34].

Some scholars have studied pricing strategies in a dual-channel supply chain [35].
For example, Cattani et al. [36] proved that as long as the retail channel is much more
convenient than the Internet channel, the equal-pricing strategy was appropriate. Dan
et al. [37] pointed out that retail service is one of the main factors affecting the pricing
strategies of dual-channel supply chain members. Wang and Song [38] developed pricing
strategies for dual-channel supply chains with sales efforts and green investment with
demand uncertainty. Other relevant literature can be seen from Liu et al. [39], Li et al. [11],
Zhou et al. [40], and Heydari et al. [41].

Some other scholars have discussed channel selection from the perspective of decision
makers [42]. Through empirical investigation, Chiang et al. [43] pointed out that the
difference in product categories is one of the key factors that impacts consumers’ choice
of channels. Khouja et al. [44] analyzed the channel selection and pricing decisions of the
manufacturer. The research shows that unit variable cost is one of the most important
factors affecting the channel choice of the enterprise. Cai [45] investigated the impact
of channel structure on suppliers. The findings revealed that the introduction of new
channels into a single retail channel was beneficial to supply chain players. Yang et al. [34]
studied the channel selection and emission reduction decisions of the manufacturer under
the constraint of carbon emissions. The results showed that the product’s property and
consumer’s channel preference were the important factors affecting the channel choice of
the manufacturer.

There is also extensive literature on sustainable supply chain involving dual channel.
Sarkar and Bhadouriya [46] discussed the manufacturer collusion in a green supply chain in
the cases of trade-off in green and non-green production. They found that with only a few
manufacturers, green quality is highest in the centralized model, but with a larger number
of manufacturers, competition among the manufacturers leads to higher green quality. To
investigate equilibrium decisions and profit coordination methods of green supply chain,
Li et al. [47] conceptualized and analyzed a set of Stackelberg game models considering
multiple pricing strategies. Based on the assumption of consistent pricing strategies, Zhang
et al. [48] investigated pricing and greening strategies for the dual-channel green supply
chain. They employed the Stackelberg model and considered players in the presence of
providing and not providing cross-channel return service. This paper also gets insights
recent literature including as Rao et al. [49], Rahmani and Yavari [50], and Rao et al. [51],
which benefit to the model construction of this research.

Based on the above analysis of the existing literature, although many works have
studied dual-channels and random yield in a green supply chain, few have integrated
both dual-channels and random yield into a unified framework and explored their joint
effect. In this paper, we will fill the research gap in the literature related to the strategic
analysis of dual-channel green supply chains under the condition of yield uncertainty.
Our study differs from the existing literature in that green marketing is involved in the
inverse demand function. Three available channel strategies are analyzed to show how
the technology level of the random yield influences the decisions and channel selections of
supply chain members. Relevant studies are summarized in Table 1.

Table 1. Summary of Relevant Studies.

Related Paper Green
Marketing

Random
Yield

Game
Theory Channel Channel

Selection
Pricing
Strategy

Ordering
Strategy

Yuan et al. [6] – Yes Stackelberg Dual Yes – Yes
Ranjan and Jha [10] Yes – Stackelberg Dual – Yes –
Li et al. [11] Yes – Stackelberg Dual – Yes –
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Table 1. Cont.

Related Paper Green
Marketing

Random
Yield

Game
Theory Channel Channel

Selection
Pricing
Strategy

Ordering
Strategy

Hong and Guo [15] Yes – Stackelberg Single – Yes –
Yang et al. [34] – – Stackelberg Dual Yes Yes –
Li et al. [47] Yes – Stackelberg Dual – Yes –
Niu et al. [20] – Yes Cournot Dual Yes – Yes

This research Yes Yes Cournot/
Stackelberg Dual Yes Yes Yes

3. Model Description

Motivated by the above analysis, this paper focuses on a dual-channel green supply
chain consisting of one competitive manufacturer and one retailer. The manufacturer
produces one green product, and the retailer purchases the environmentally friendly
product and sells it to consumers in the retail market. The manufacturer can also develop
its own online channel to sell the green product, such as Midea. The supplier is unreliable,
i.e., has a random yield. The retailer invests in green marketing to promote the green
product. Our model addresses the issues of the dual supply chain’s input quantities of
the green product and the level of the green-marketing effort considering an unreliable
supplier. We assume the supply chain has information symmetry, and all the supply chain
players are risk-neutral. Based on the motivations discussed in the above introduction, we
analyze the following three available channel strategies: a single online channel, a single
retail channel, and a dual-channel, as illustrated in Figure 1.

Figure 1. Available supply chain channels.

In this paper, we define a retailer as a middleman who sells green products directly
to final consumers, and we define a manufacturer as an enterprise that produces green
products with random yield. The definition of dual channel is shown in Figure 1, it includes
online channel and retail channel. Online channel refers to the online sales channel in
which a manufacturer conducts direct sales model of green products through the internet
(i.e., e-commerce), while retail channel refers to the channel in which a retailer orders green
product from the manufacturer and sell the green products to consumers in brick-and-
mortar stores. Such a system composed of online channel and offline channel is called
dual channel. For simplicity, we assume that the retailer and the competitive manufacturer
engage in a Cournot-typed competition in the end-user market [20,52,53]. Without loss
of generality, we also normalize the production cost of the competitive supplier, as well
as the retailer’s delivery cost, to be zero [20]. For the remainder of this paper, we use the
pronoun “he” to refer to the competitive supplier and “she” to represent the retailer. For
notational convenience, the subscript “m” and “r” refer to the manufacturer and the retailer,
respectively. The superscripts “O”, “R”, and “D” represent the retail channel, the online
channel, and the dual channel, respectively, which are used later. We summarize the key
notations of the paper in Table 2.
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Table 2. Summary of notations.

Variables
w Unit wholesale price
qo Input quantity of online channel’s green production
qR Input quantity of retail channel’s green production
g Green-marketing effect of the retailer

Parameters
qm Realized on-hand inventory of online channel’s green product
qr Realized on-hand inventory of retail channel’s green product
a Total market size
b Quantity sensitivity coefficient

θ
Customer acceptance of the online channel compared to the
retail channel, and 0 < θ < 1

ε Random proportional yield variable
µ Mean of random variable ε
σ2 Variance of random variable ε
Pm Unit online price
Pr Unit retail price

In particular, similar to Chiang et al. [54] and Niu et al. [20], the consumers’ demand
for the competitive supplier’s product is price sensitive, and the inverse demand function
is given as P = a− bq, where P is the market retail price determined by the total quantities
available in the market q; parameter a is the market potential; and b represents the quantity
sensitivity coefficient satisfying b > 0. Without loss of generality, we assume that the
market potential a is large enough such that the market demand is always positive [20,55].
If we let P′ = P

b , a′ = a
b , then the inverse demand function can be simplified to P′ = a′ − q.

In the duopoly model, we model competition between consumers as quantity competition
and use the Cournot model. Specifically, given the available-to-sell quantities by the
customers qm + qr, the manufacturer’s market clearing price is Pm = a− qm − qr.

Different from online sales channels, the retailer can invest in green marketing to
promote the green product. Therefore, to capture the green promotion effort distinction
between the green products from the retailer and the competitive supplier, we assume
that the inverse demand function for the retailer’s product is Pr = a − θqm − qr + g
(g ≥ 0 and a > g), where g represents the amount of the potential growth driven by
the green-marketing effect for the product [15,56]. A stronger green promotion effort
exerted by the retailer implies a higher cost. We denote the green-marketing cost as a
quadratic function (i.e., g2) [56–58]. The value of parameter θ is called the “customer
acceptance” of the online channel. An empirical study shows that buyers tend to prefer
to shop at a retailer rather than to shop via the web-based direct channels [59]. Another
survey provides further evidence that most products are more acceptable to consumers
when they are in conventional retail stores, rather than listed on an online channel [54].
Therefore, we assume 0 < θ < 1 in this paper, in line with Chiang et al. [54], which
represents that the number of products sold online has a weaker impact on the price of
green products for the retailer.

When the unreliable supplier plans to produce the green product, he must be con-
cerned about the yield uncertainty problem. That is, for an input quantity for production q,
the realized on-hand inventory of the green product after production is εq, where ε is a
random proportional variable with mean µ and variance σ2 [20,60]. Similar to Niu et al. [20],
we restrict the support of ε to be [0, 1] and σ < 0.5. In practice, the unreliable supplier can
improve the quality of the green product through investment in new technology and better
process management. Therefore, the increase in the expected yield µ and/or the decrease
in the yield variance σ2 can be interpreted as “quality improvement” [20]. In the presence
of the random yield problem, the supply chain players can only form an expectation of
their own and the rival’s profits. We assume that the retailer and the manufacturer make
decisions to maximize their own expected profits, respectively. We also assume that the
retailer pays for what she actually realizes in terms of delivered quantity rather than in
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what she orders. This approach is widely used in previous literature and is consistent with
the industrial practice [20,52].

4. Supply Chain with Single Channels
4.1. Single Online Channel Scenario

With the development of e-commerce, the strategy of using an online channel as an
alternative to a retail channel is developing rapidly. A single online channel strategy indi-
cates that the retailer is no longer involved in the green supply chain. In this scenario, the
manufacturer solely determines the input quantity of the online channel’s green production
qO

O. Thus, the profit function of the unreliable supplier can be expressed as:

πO
m =

(
a− εqO

O

)
εqO

O

By solving the above equation, we can obtain the optimal input quantity for an
unreliable supplier. The main results are summarized in Lemma 1.

Lemma 1. In a single online channel scenario, the optimal input quantity is qO∗
O = aµ

2(µ2+σ2)
, the

market-clearing price is PO∗
m = aµ2+2aσ2

2(µ2+σ2)
, and the unreliable supplier’s optimal expected profit is

E
(
πO∗

m
)
= a2µ2

4(µ2+σ2)
.

It is apparent that the unreliable supplier’s optimal input quantity is decreasing in
σ. The result is in line with intuition, because when the yield risk of the green product
increases, the manufacturer could increase the input quantity to meet rigid market demand.

4.2. Single Retail Channel Scenario

In this configuration, we assume that a supplier distributes his green product only
through a retail channel, and the consumers can only purchase the green product from the
retailer. The event sequence is described as follows. First, the retailer determines the level
of green-marketing effect gR. Second, the unreliable supplier determines the unit wholesale
price wR. Third, the retailer places an input quantity of the retail channel’s green production
qR

R to the unreliable supplier. Finally, the realized green product is sold to customers at
the market clearing price. Note that the retailer’s realized delivered quantity of the end
product is qr = εqR

R, where the manufacturer suffers the yield uncertainty problem. Based
on the aforementioned assumptions and inverse demand function, the unreliable supplier
and the retailer’s profit functions can be expressed as:

πR
m = wRεqR

R,

πR
r =

(
a− εqR

R + gR)εqR
R − wRεqR

R − gR2

The equilibrium decisions and outcomes for the supply chain players are summarized
in Lemma 2.

Lemma 2. In a single retail channel scenario, the optimal level of the green-marketing effect is

gR∗ = aµ2

15µ2+16σ2 , the optimal wholesale price is wR∗ =
8a(µ2+σ2)
15µ2+16σ2 , the optimal input quan-

tity of retail channel’s green production is qR∗
R = 4aµ

15µ2+16σ2 , and the market-clearing price is

PR∗
r = 12aµ2+16aσ2

15µ2+16σ2 . Correspondingly, the expected profits of the supply chain members are

E
(
πR∗

r
)
= a2µ2

15µ2+16σ2 and E
(
πR∗

m
)
=

32a2µ2(µ2+σ2)
(15µ2+16σ2)

2 , respectively.

Comparing the unreliable supplier’s profit with the retailer’s profit, we have the
following result.



Sustainability 2021, 13, 5371 8 of 22

Proposition 1. E
(
πR∗

m
)
> E

(
πR∗

r
)
.

Proposition 1 compares the profits of the manufacturer and the retailer in a single retail
channel scenario. The manufacturer benefits from the green supply chain because of the
substantial bargaining power derived from his decision-making regarding the wholesale
price. Because the retail price of the green product is determined by the market clearing
price, the wholesale price determines the proportions of the supply chain’s profit divided
between the manufacturer and the retailer. The manufacturer keeps most of the profits as
long as he induces the retailer to participate in the supply chain by giving her a small share
of the profits.

Similar to Niu et al. [20], we denote x =
( µ

σ

)2 as the “technology level” of the unreliable
supplier. Clearly, the increase in µ and/or the decrease in σ lead to a higher level of x. The
higher the technology level x is, the more reliable the manufacturer’s production processes
are. Suppliers can improve their production processes through costly R&D innovations
as well as by means of inexpensive administrative efforts [20]. We use x to rearrange the
supply chain members’ decisions and outcomes that are shown in Lemma 2, which leads
to some interesting results through sensitivity analysis.

Proposition 2. When the green supply chain adopts a single retail channel strategy, the influences

of the technology level x generated by the unreliable supplier on the expected profits are
∂E(πR∗

m )
∂x > 0

and
∂E(πR∗

r )
∂x > 0.

The findings toward the profits of the unreliable supplier and the retailer are in line
with our expectation: the higher the technology level of the unreliable supplier, the less
the loss generated by the yield uncertainty. The two-echelon green supply chain always
benefits from the improvement of the unreliable supplier’s technology level. In this case,
the manufacturer and the retailer are in a cooperative relationship rather than a competitive
one, so they can share the benefits of an improved technology level. The results are
illustrated in Figure 2.

Figure 2. Illustration of the impact of x on the profits of each supply chain party when a = 1.

Taking a closer look at the level of the green-marketing effect, the wholesale price,
the market-clearing price, and the input quantity with technology level x, we derive the
following comparative static analysis.

Proposition 3. When the green supply chain adopts a single retail channel strategy, the influences
of the technology level x generated by the unreliable supplier on the equilibrium decisions are:

(1) ∂gR∗

∂x > 0, ∂wR∗
∂x > 0, ∂PR∗

r
∂x < 0;

(2) qR∗
R is unimodal in x for any given feasible σ.
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When the technology level x increases, the supply of the green product tends to be
stable, and the retailer increases the green promotion effort to sell more green products.
Accordingly, after seeing the retailer’s green-marketing effect, the manufacturer’s optimal
response is to raise the wholesale price for the green product to boost his profit.

Interestingly, we find that qR∗
R is non-monotone in x in the support of a given σ.

When the technology level x is increasing, the retailer first tends to increase her input
quantity of green production qR∗

R through a stronger green-marketing effort. However, the
downstream market potential is limited; therefore, when the quantity of the green product
that is available on the market increases, the market retail price will decrease accordingly,
as shown by the inverse demand function. Hence, when the quantity of the green product
in the end-user market reaches a threshold, the retailer will reduce the input quantity.
Therefore, to generate more profit from the downstream market, we observe a unimodal
qR∗

R in x, even if gR∗ is further increasing in x. We illustrate the above results in Figure 3.

Figure 3. Illustration of the impact of x on the green-marketing effect, wholesale price, and input
quantity when a = 1.

It can be seen from Figure 3 that the downward trend of qR∗
R is very gentle, which

implies that the quantity available on the market of the green product qr is increasing
because of the technology level improvement, even though the input quantity of green
production qR∗

R is slowly decreasing. Thus, as mentioned by the inverse demand function,
the market retail price will decrease in x accordingly. This result is illustrated in Figure 4.

Figure 4. Illustration of the impact of x on the market-clearing price when a = 1.

5. Dual-Channel Supply Chain

In a dual-channel scenario, the retailer sources the green product from the competitive
manufacturer. The event sequence is described as follows. First, the retailer determines
the level of green-marketing effect gD. Second, the competitive supplier determines the
unit wholesale price wD. Third, after observing the wholesale price, the retailer and the
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competitive supplier determine the input quantities of the dual-channel’s green production
qD

R and qD
O simultaneously. Finally, the green products are sold to customers at the market

clearing price. Note that the retailer’s realized delivered quantity of the end product is
qr = εqD

R , and the competitive supplier’s realized on-hand inventory of the online channel’s
green product is qm = εqD

O , because the competitive supplier suffers the random yield
problem. Based on the aforementioned assumptions and inverse demand functions, the
unreliable supplier’s and the retailer’s profit functions can be expressed as:

πD
m =

(
a− εqD

O − εqD
R
)
εqD

O + wDεqD
R ,

πD
r =

(
a− εqD

R − θεqD
O + gD)εqR − wDεqD

R − gD2

The manufacturer’s profit comes from the following two sources: self-selling business
and component-selling business. If he competes with the retailer intensively in the down-
stream market, this will squeeze the retailer’s selling quantity, and it will also reduces the
manufacturer’s own gain from the component-selling business. Hence, the retailer and the
competitive supplier have a “coopetition” relationship, in which the competitive supplier
has to balance his revenue from these two sources.

In the input-quantity-decision stage, both the competitive supplier and the retailer
evaluate their expected profits in anticipation of the manufacturer’s yield uncertainty. We
summarize the equilibrium decisions in the following Lemma 3.

Lemma 3. In a dual-channel scenario, given the level of green-marketing effect gD and the
wholesale price wD, the optimal input quantities of the competitive supplier and the retailer are

qD
O = aµ−gDµ+wDµ

(4−θ)(µ2+σ2)
and qD

R = 2aµ+2gDµ−2wDµ−aθµ

(4−θ)(µ2+σ2)
, respectively.

Proposition 4. In a dual-channel scenario, we have some comparative statistics as follows. The
competitive supplier’s optimal input quantity decreases in gD while the retailer’s optimal input
quantity increases in gD; the competitive supplier’s optimal input quantity increases in wD while
the retailer’s optimal input quantity decreases in wD; the competitive supplier’s optimal input
quantity increases in θ while the retailer’s optimal input quantity decreases in θ.

Proposition 4 shows the conflict and competition of the dual-channel green supply
chain regarding the input quantities. First, increasing the level of the green-marketing
effect pushes the retailer to set a higher input quantity and leads to a lower input quantity
for the manufacturer. Second, when the wholesale price of the competitive supplier is
reduced, the retailer prefers to set a higher input quantity to bring in more revenue, but this
motivates the manufacturer to set a lower input quantity to reduce channel competition.
Third, increasing customer acceptance of the online channel will decrease the retailer’s
sales price according to the inverse demand function. To maintain a sales profit, the retailer
must reduce the input quantity. Therefore, the manufacturer would like to transfer the
input quantity of the green product to the online channel.

Lemma 4. In a dual-channel scenario, given the level of the green-marketing effect gD, the optimal

wholesale price of the competitive supplier is wD =
2gD(θ−3)−a(10−6θ+θ2)

4θ−14 .

Proposition 5. In a dual-channel scenario, the competitive supplier’s optimal wholesale price
increases in gD while it decreases in θ.

According to the inverse demand function of the retailer, increasing the level of the
green-marketing effect will raise the retailer’s sales price, while the increasing customer
acceptance of the online channel will lead to lower sales prices. Thus, increasing the
level of the green-marketing effect or/and a reduction in customer acceptance of the
online channel will motivate the competitive supplier to raise the wholesale price to
gain higher profits.
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Lemma 5. In a dual-channel scenario, the optimal level of the green-marketing effect of the retailer

is gD∗ = 2a(1−θ)µ2

(45−28θ+4θ2)µ2+(7−2θ)2σ2 .

Proposition 6. In a dual-channel scenario, the retailer’s optimal level of the green-marketing effect
decreases in θ.

From Proposition 6, we find that increasing customer acceptance of the online channel
is disadvantageous to the marketing and promotion of the green product.

Returning gD∗ to the equations of the wholesale price, input quantities, and market-
clearing prices, we can derive the optimums as:

wD∗ =
(66−62θ+19θ2−2θ3)aµ2+(70−62θ+19θ2−2θ3)aσ2

(90−56θ+8θ2)µ2+2(7−2θ)2σ2 ,

qD∗
R =

a(7−9θ+2θ2)µ

(45−28θ+4θ2)µ2+(7−2θ)2σ2 ,

qD∗
O =

aµ[(38−19θ+2θ2)µ2+(42−19θ+2θ2)σ2]
2(µ2+σ2)[(45−28θ+4θ2)µ2+(7−2θ)2σ2]

,

PD∗
r =

(80−80θ+23θ2−2θ3)aµ4+(178−140θ+31θ2−2θ3)aµ2σ2+2a(7−2θ)2σ4

2(µ2+σ2)((45−28θ+4θ2)µ2+(7−2θ)2σ2)
,

and

PD∗
m =

(
38− 19θ + 2θ2)aµ4 +

(
132− 75θ + 10θ2)aµ2σ2 + 2a(7− 2θ)2σ4

2(µ2 + σ2)
(
(45− 28θ + 4θ2)µ2 + (7− 2θ)2σ2

) .

Thus, the expected profits of the supply chain members are,

E
(

πD∗
r

)
=

a2(−1 + θ)2µ2
[(

90− 56θ + 8θ2)µ2 + (7− 2θ)2(2 + 6θ − θ2)σ2
]

2
[
(45− 28θ + 4θ2)µ2 + (7− 2θ)2σ2

]2 ,

and

E
(

πD∗
m

)
=

a2µ2
[ (

2368− 3500θ + 2159θ2 − 694θ3 + 116θ4 − 8θ5)µ4+

2(7− 2θ)2(52− 44θ + 15θ2 − 2θ3)µ2σ2 + (7− 2θ)3(8− 4θ + θ2)σ4

]
4(µ2 + σ2)

[
(45− 28θ + 4θ2)µ2 + (7− 2θ)2σ2

]2 ,

respectively.
A comparison of the profits between the manufacturer and the retailer under a dual-

channel scenario is provided in the following.

Proposition 7. E
(
πD∗

m
)
> E

(
πD∗

r
)
.

We can verify that the reasoning behind Proposition 7 is similar to that of Proposition 1,
and thus we will not repeat it here.

6. Discussions

In the previous sections, we investigate the optimal decisions of each agent when the
unreliable supplier chooses three different channel strategies. In this section, we compare
the supply chain decisions among these three channel strategies and investigate how each
member of the supply chain makes a channel selection.

Proposition 8. The green product’s green-marketing effort, wholesale price, input quantities, and
market-clearing price among the three channel strategies satisfy the following relationships:

(1) gD∗ < gR∗;
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(2)
{

wD∗ ≤ wR∗ i f θ ≥ θT

wD∗ > wR∗ i f θ < θT , where θT ∈ (0, 1) is a threshold value such that

16
(
21− 34θT + 15θT2 − 2θT3) + x

(
602− 1026θ + 461θT2 − 62θT3) + x2(270−

482θT + 221θT2 − 30θT3) = 0;

(3) qD∗
O < qO∗

O , qD∗
R < qR∗

R , qR∗
R < qO∗

O < qD∗
R + qD∗

O ;

(4) PD∗
m < PO∗

m , PD∗
r < PR∗

r .

Proposition 8 shows the differences among the three channel strategies in terms of
the green-marketing effort, the wholesale price, the input quantities, and the market-
clearing price. Compared with the single retail channel strategy, the dual-channel strategy
encourages the retailer to reduce investment in green-marketing because of her competition
in the downstream market of the green product. However, this competition also leads to
more efficient allocation of the green product on the market: the highest input quantity
(i.e., qR∗

R < qO∗
O < qD∗

R + qD∗
O ). Consequently, as shown by the inverse demand function,

the market-clearing prices of the green product are ultimately low enough to maximize the
supply chain profit.

Interestingly, we find that the comparison of the wholesale price depends on customer
acceptance of the online channel. In the dual-channel scenario, the manufacturer can
benefit from both online and retail channels, and he can distribute the proportion of
the supply chain’s profit divided by a determination of the wholesale price of the green
products. Therefore, when the channel competition is smaller (i.e., θ < θT), as mentioned
by the inverse demand function Pr = a− θqm − qr + g, the retailer’s market-clearing price
increases accordingly. Consequently, the competitive supplier increases the wholesale
prices for his benefit (i.e., wD∗ > wR∗). When the channel competition is stronger (i.e.,
θ > θT), the opposite is true.

Proposition 9. The profits of the retailer and the manufacturer among the three channel strategies
satisfy the following relationships:

(1) E
(
πD∗

r
)
< E

(
πR∗

r
)
;

(2) E
(
πR∗

m
)
< E

(
πO∗

m
)
< E

(
πD∗

m
)
.

Proposition 9 compares the expected profits of the manufacturer and the retailer
among the three channel strategies. The results reveal that the dual-channel strategy is
superior to the single channel strategies for the manufacturer, while the retailer prefers
the single retail channel scenario. The manufacturer benefits from the dual-channel
strategy because of the substantial bargaining power that may be derived from the
wholesale price of the green product. In contrast, the retailer fails to benefit from
the dual-channel strategy and obtains less profits than under the single retail channel
strategy. That is, the manufacturer reaps the benefit, and the retailer’s profit is impaired
in the dual-channel strategy.

As discussed in Proposition 8, the retailer implements a more significant green-
marketing effort under a single retail channel strategy than under a dual-channel strategy.
The retailer can benefit from the increasing demand inspired by the increased green-
marketing effort. However, the performance of the dual-channel strategy is highest among
the three channel strategies. Thus, the manufacturer should subsidize the retailer’s green-
marketing cost or/and reduce the wholesale price of the green product to increase the
retailer’s profit. Consequently, as rational supply chain parties, the manufacturer and re-
tailer will choose the dual-channel strategy according to the expected profit maximization.

In sum, this paper could enrich and optimize the theoretical basis of the dual-channel
green supply chain which has implications for academia and practitioners in two ways.
First, a single retail channel could be the best choice for the retailer. This is because it is
a monopoly on green product retail market, and it can benefit from independent pricing
of green products. However, this would result in the lowest profit of a manufacturer,
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making it preferable to choose an online channel rather than a single retail channel. As
to a competitive manufacturer with random yield, a dual-channel strategy would be its
best choice. Therefore, if the retailer is willing to participate in the green supply chain, the
equilibrium result of the game between the two parties is the dual-channel model.

Second, compared with the single channel strategy, although the dual-channel
strategy may improve the efficiency of green product resource allocation, reduce the
price of green products, and increase the number of green products in the market; how-
ever, it would also indirectly damage the retailer’s profit and reduce its enthusiasm for
green marketing. Therefore, to improve the profit of the retailer and achieve the maxi-
mum performance of the green dual-channel supply chain, the manufacturer should
share the retailer’s green marketing costs or/and reduce the wholesale price of the
green products. As to the retailer without wholesale pricing power of green products, it
could gain higher profits through improving their own strength and bargaining power
to reduce the wholesale price of green products.

7. Numerical Analysis

The above models discuss the optimal decisions of each agent when the unreliable
supplier chooses three different channel strategies. This section will provide some nu-
merical experiments to illustrate the above analytical results and gain more managerial
insights. Due to the difficulty of acquiring accurate data from the enterprises, similar to
Niu et al. [20] and Hong and Guo [15], we give some estimated parameters to show the
influences of several parameters on the optimal decisions and profits. The parameter values
used in this section are listed as follows: a = 1, µ = 0.9, σ = 0.18, and θ = 0.8.

7.1. Analyzing Effect of µ on Optimal Decisions

Figures 5–8 show the impact of the mean of the random yield on the levels of the
green-marketing effect, wholesale prices, and input quantities of the manufacturer and
the retailer.

Figure 5 shows how the levels of the green-marketing effect change in a dual-
channel strategy and a single retail channel strategy when the mean of the random yield
varies, respectively. It can be seen from Figure 5 that the levels of the green-marketing
effect in a dual-channel strategy and a single retail channel strategy increase in µ. This
occurs because when µ increases, the retailer’s realized on-hand inventory of the green
product increases accordingly, even though her input quantity of the green product is
the same as before. Correspondingly, the improvement in the inventory induces the
retailer to further invest in green marketing. As shown in Figure 5, we obtain gD∗ < gR∗,
which is consistent with Proposition 8. Let ∆g = gR∗− gD∗. Thus, ∆g increases in µ. The
result reveals that the competition of the competitive supplier and the retailer in the
dual-channel scenario will become more intense when µ increases. That is, the retailer
has no more incentive to increase the level of the green-marketing effort as compared
with a single retail channel strategy.

Figure 6 shows how the wholesale prices of a dual-channel strategy and a single retail
channel strategy change according to µ. The insights that we derive include are as follows.
(1) The wholesale prices in a dual-channel strategy and a single retail channel strategy
increase in µ. The increase in the mean value is good for the income of the whole supply
chain. Therefore, the manufacturer reaps the benefit by increasing the wholesale prices.
(2) The wholesale price’s advantage in the dual-channel is less distinct with the increasing of
µ. Compared with the single retail channel strategy, the wholesale price in the dual-channel
strategy is much higher. To protect the profit of the retailer, the manufacturer cannot
always raise the price significantly, so the wholesale price in the dual-channel scenario
shows a slow rising trend. (3) The results shown in Figure 6 explain the conclusions of
Proposition 1 and Proposition 7.
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Figure 5. Impact of µ on the levels of the green-marketing effect.

Figure 6. Impact of µ on the wholesale prices.

Figure 7. Impact of µ on the input quantities of the manufacturer.

By changing the value of µ in the above equations, we can compute the input quantities
of the manufacturer and the retailer among the three available channel strategies. The
results are shown in Figures 7 and 8. From Figures 7 and 8, as the mean of the random
yield µ increases, we can make the following observations. (1) The input quantities of the
manufacturer and the retailer among the three available channel strategies first increase
and then decrease slowly, which is similar to Proposition 3, because x and µ are positively
correlated. (2) The unreliable supplier’s input quantity in the single online channel scenario
is always larger than that of the dual-channel scenario, while the retailer’s input quantity in
the single retailer channel scenario is always larger than that of the dual-channel scenario.
However, the total input quantities of the manufacturer and the retailer are highest in the
dual-channel scenario. These results are consistent with Proposition 8.
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Figure 8. Impact of µ on the input quantities of the retailer.

7.2. Analyzing Effect of µ on Optimal Profits

Figures 9 and 10 present the expected profits of the manufacturer and the retailer
among the three available channel strategies with the change in µ, which are consistent
with Proposition 9.

Figure 9 depicts the curves of the expected profits of the retailer in a dual-channel
strategy and a single retail channel strategy as a function of µ. When the retailer adopts
a single retail channel strategy, her expected profit increases in µ, which is in line with
our intuition. However, when the green supply chain adopts a dual-channel strategy,
the retailer’s expected profit E

(
πD∗

r
)

is unimodal in µ. The main reason for this is that
the input quantity of the retailer under a dual-channel strategy is non-monotonous with
the change in µ. The second main reason is that the wholesale price of the competitive
supplier gradually increases to a very high level with the increasing of µ. These two
reasons cause the expected profit of the retailer in a dual-channel strategy to first
increase and to then decrease in µ. This indicates that there exists a unique mean value
such that the retailer makes the largest profit under a dual-channel strategy. Although
the continuous improvement of µ will be beneficial to the manufacturer, the retailer
has no incentive in a dual-channel strategy—based on her own profits—to encourage
the manufacturer to improve the green production technology once that technology
has reached a threshold level. In addition, the advantage of the single retail channel
strategy is more distinct with the improvement of µ. Thus, the single retail channel
strategy is the best choice for the retailer.

Figure 9. Impact of µ on the expected profits of the retailer.
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Figure 10. Impact of µ on the expected profits of the manufacturer.

Figure 10 shows that the expected profits of the manufacturer among the three avail-
able channel strategies increase in µ. Especially, when µ is small, the improvement of µ
has a great impact on the expected profits. Combining Figures 5–8, we see that the manu-
facturer can always benefit from the increasing demand inspired by raising the wholesale
prices and the levels of the green-marketing effect, even though the input quantities among
the three available channel strategies are unimodal in µ. The advantage of the dual-channel
strategy is more distinct with the increasing of µ. Thus, the dual-channel strategy is the
best choice for the manufacturer.

7.3. Analyzing the Effect of θ on Optimal Profits

We now check how the expected profits of the manufacturer and the retailer under a
dual-channel strategy change according to θ. It can be seen from Figure 11 that the expected
profits of the green supply chain parties decrease with the improvement in customer
acceptance of the online channel, which is in line with our expectations. As θ increases,
the competition of the competitive supplier and the retailer in the end-user market will
become more intense. This reduces the supply chain’s profit from the downstream market.
As discussed in Proposition 6, the retailer’s optimal level of the green-marketing effect
decreases in θ, which implies decreasing demand for the retailer, which is caused by
the reduction in the level of the green-marketing effect. Combining the inverse demand
function Pr = a − θqm − qr + g, we find that the market-clearing price of the retailer
decreases in θ. Thus, it is easy to see why the retailer’s revenue decreases in θ. For the
competitive supplier, intuitively speaking, his expected profit is impaired in the dual-
channel strategy from the decrease in the wholesale price, due to the increase in customer
acceptance of the online channel according to Proposition 5.

Figure 11. Impact of θ on the expected profits in dual-channel scenario.
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8. Conclusions

In this paper, we aim to explore the input quantities of green production and the
channel selections of supply chain parties, where the manufacturer suffers from yield
uncertainty and the retailer sells the green product by green marketing. Although there is
substantial literature on random yield and dual-channel supply chains, few works have
integrated the supply risk and the dual-channel strategy into a framework to investigate
the implications of random yield for the green dual-channel supply chain. Our work is
mainly focused on such a question.

To address the question, we consider three available channel strategies: a single online
channel strategy, a single retail channel strategy, and a dual-channel strategy. From the
discussions and comparisons of the decisions made among the three channel strategies, we
obtained interesting findings.

(1) The performance of the dual-channel strategy is the highest among the three channel
strategies, especially for the competitive supplier. However, the retailer’s best option
is the single retail channel strategy.

(2) With the improvement in the level of the green production technology, the wholesale
price of the manufacturer and the green marketing effect of the retailer increase
gradually, while the input quantities of the green product are unimodal.

(3) The manufacturer can always benefit from an increase in the level of the green
production technology, regardless of which of the three available channel strategies is
chosen. Under the dual-channel strategy, the retailer’s profit first increases and then
decreases slowly with improvement in the production technology level.

(4) In the dual-channel scenario, customer acceptance of the online channel has a negative
influence on the expected profits of all supply chain members.

The results also provide significant managerial insights for firms that are involved in
the green dual-channel supply chain. For the manufacturer with random yield, choosing
a dual-channel strategy and improving the level of the green production technology is
profitable. However, the retailer can gain higher profit in the single retail channel than in
the dual-channel, unless the manufacturer is willing to share some of his profit with the
retailer. Thus, to encourage retailers to adopt a dual-channel strategy, the manufacturer
should subsidize the retailer’s green-marketing cost or/and reduce the wholesale price of
the green product for the sake of increasing the retailer’s profit and achieving the maximum
performance of the green supply chain. For the retailer with no wholesale pricing power
for the green product, she can only reduce the wholesale price of the green product by
strengthening her own strength and enhancing her bargaining power. Otherwise, the single
retail channel will be her best choice.

Further research to expand this work might consider the following directions in the
future. First, we address the green marketing behavior of the retailer. Some responsible
manufacturers have taken actions to invest in green marketing. Second, in our research, we
do not consider the risk attitude of the supply chain members. The results may be different
if the retailer or the manufacturer is risk averse. Third, in line with prior research [20],
this paper assumes that there is a competitive relationship between a manufacturer and a
retailer in the dual-channel model. However, omni-channel, which integrates online and
offline channels, has been more and more popular in business practices and reflects the
collaboration among market actors. Therefore, the strategic analysis of omni-channel green
supply chain and the flow of green products within an omni-channel should be highly
encouraged in future analysis. In addition, our model is based on symmetric information.
In fact, information asymmetry may also exist among supply chain members. Therefore,
considering asymmetric information in a dual-channel green supply chain may be an
interesting future research direction.
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Appendix A

Proof of Lemma 2. Given the level of green-marketing effect gR and the wholesale price
wR, the retailer solves the following problem to maximize her expected profit:

max
qR

R

E
(

πR
r

)
=
(

a + gR − wR
)

µqR
R −

(
µ2 + σ2

)
qR

R
2 − gR2,

which yields qR
R =

(a+gR−wR)µ

2(µ2+σ2)
.

The unreliable supplier’s optimal wholesale price is given by solving

max
wR

E
(

πR
m

)
=

(
a + gR − wR)wRµ2

2(µ2 + σ2)
,

which yields wR = a+gR

2 .
Substituting qR

R and wR into the retailer’s expected profit function and then solving
for optimality with respect to gR, we have the level of optimal green-marketing effect:

gR∗ =
aµ2

15µ2 + 16σ2 .

Bring this back to the equations of wholesale price and input quantity, we can derive
the optimums. �

Proofs of Lemma 3, Lemma 4 and Lemma 5. In the end market, the expected profit
functions of the competitive supplier and the retailer are, respectively

E
(
πD

m
)
= aµqD

O + wDµqD
R −

(
µ2 + σ2)(qD

O
2 + qD

R qD
O
)
,

E
(
πD

r
)
=
(
a− wD + gD)µqD

R −
(
µ2 + σ2)(qD

R
2 + θqD

R qD
O
)
− gD2.



Sustainability 2021, 13, 5371 19 of 22

It is easy to show that E
(
πD

m
)

and E
(
πD

r
)

are concave with respect to qD
O and qD

R ,
respectively. These yield the following input quantities of dual-channel green production

qD
R = 2aµ+2gDµ−2wDµ−aθµ

(4−θ)(µ2+σ2)
,

qD
O = aµ−gDµ+wDµ

(4−θ)(µ2+σ2)
.

Substituting them into the competitive supplier’s profit function E
(
πD

m
)
, we have the

optimal wholesale price

wD =
2gD(θ − 3)− a

(
10− 6θ + θ2)

4θ − 14
.

Substituting qD
R , qD

O and wD into the retailer’s expected profit function E
(
πD

r
)

and
then solving for optimality with respect to gD , we have the optimal level of green-
marketing effect:

gD∗ =
2a(1− θ)µ2

(45− 28θ + 4θ2)µ2 + (7− 2θ)2σ2
.

Bring this back to the equations of wholesale price and input quantities, we can derive
the equilibrium decisions and outcomes. �

Proofs of Proposition 2 and Proposition 3. Rearranging E
(
πR∗

m
)

with the notation x =( µ
σ

)2, we have

E
(

πR∗
m

)
=

32a2µ2(µ2 + σ2)
(15µ2 + 16σ2)

2 =
32a2(x2 + x

)
(15x + 16)2 .

Note that x > 0, then taking the derivative of E
(
πR∗

m
)

with respect to x, we get

∂E
(
πR∗

m
)

∂x
=

32a2(16 + 17x)

(16 + 15x)3 > 0.

Similarly, we can prove that
∂E(πR∗

r )
∂x > 0, ∂wR∗

∂x > 0, ∂gR∗

∂x > 0, and ∂PR∗
r

∂x < 0.
Note that

qR∗
R =

4aµ

15µ2 + 16σ2 > 0,

and (
qR∗

R

)2
=

16a2µ2

(15µ2 + 16σ2)
2 =

16a2x

σ(15x + 16)2 .

Taking the derivative of
(
qR∗

R
)2 with respect to x, we have

∂
(
qR

R
)2

∂x
=

16a2(16− 15x)

(16 + 15x)3σ
.

Therefore, qR∗
R as well as

(
qR∗

R
)2 is unimodal in x for any given σ, and the maximum is

x = 16
15 . �

Proof of Proposition 8. We only prove the second property of Proposition 8. The remainder
of Proposition 8 is apparently right, thus, we omit them.
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Rearranging wD∗ and wR∗ with the notation x =
( µ

σ

)2, and then comparing the
competitive supplier’s wholesale price in the dual-channel scenario with that in the single
retail channel scenario, we have

wD∗ − wR∗ =
a[16(21−34θ+15θ2−2θ3)+x(602−1026θ+461θ2−62θ3)+x2(270−482θ+221θ2−30θ3)]

2(16+15x)[(7−2θ)2+x(45−28θ+4θ2)]
.

The sign of this function is determined by its numerator, let

f (θ) = 16
(
21− 34θ + 15θ2 − 2θ3)+ x

(
602− 1026θ + 461θ2 − 62θ3)+ x2(270− 482θ + 221θ2 − 30θ3).

Taking the derivative of f (θ) with respect to θ, we have

fθ(θ) = x
(
−1026 + 922θ − 186θ2

)
+ x2

(
−482 + 442θ − 90θ2

)
+ 16

(
−34 + 30θ − 6θ2

)
,

which is apparently negative.
Note that θ ∈ (0, 1), f (0) = 336 + 602x + 270x2 > 0 and f (1) = −25x − 21x2 < 0.

Thus, there exists a unique threshold value θT ∈ (0, 1) such that f
(
θT) = 0, and{

f (θ) < 0 i f θ ≥ θT

f (θ) > 0 i f θ < θT .

The proof of Proposition 8 is completed. �

Proof of Proposition 9. Rearranging E
(
πD∗

r
)

and E
(
πR∗

r
)

with the notation x =
( µ

σ

)2, and
then comparing the retailer’s expected profit in the dual-channel scenario with that in the
single retail channel scenario, we have

E
(
πD∗

r
)
− E

(
πR∗

r
)
= −

a2x[2(7− 2θ)2(33− 44θ + 92θ2 − 64θ3 + 8θ4)+ 2x2(1350− 750θ − 431θ2 + 316θ3 − 44θ4)+
x
(
5910− 7382θ + 10085θ2 − 10364θ3 + 4691θ4 − 900θ5 + 60θ6)]

2(16+15x)[(7−2θ)2+x(45−28θ+4θ2)]
2 ,

which is apparently less than 0.
Rearranging E

(
πD∗

m
)
, E
(
πO∗

m
)

and E
(
πR∗

m
)

with the notation x =
( µ

σ

)2, and then
comparing the retailer’s expected profit among the three channel strategies, we have

E
(

πD∗
m

)
− E

(
πO∗

m

)
=

a2x(1 + x)(1− θ)2(7− 2θ)3

4
[
(7− 2θ)2 + x(45− 28θ + 4θ2)

]2 > 0,

and

E
(

πO∗
m

)
− E

(
πR∗

m

)
=

a2x
(
128 + 224x + 97x2)

4(1 + x)(16 + 15x)2 > 0.

Thus, the proof of Proposition 9 is completed. �
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