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Abstract: In this study, we investigate pricing policy and coordination conditions in an online-
to-offline supply chain considering corporate environmental responsibility and lateral inventory
transshipment. First, we provide demand functions to capture effects of price, corporate environ-
mental responsibility level, and preference degree of the consumer to online channel. Then, we
build profit functions and develop three joint pricing and corporate environmental responsibility-
level decision models for centralized decision (Scenario CD), retailer Stackelberg game (Scenario
RS), and manufacturer Stackelberg game (Scenario MS). Furthermore, we determine the optimal
decision policies by solving developed models, and conduct sensitivity analysis of significant factors.
Finally, we use a revenue-sharing contract to realize supply chain coordination and find coordina-
tion conditions for Scenario RS and MS, and further show the impacts of revenue-sharing rate and
investment cost sensitivity on the conditions using numerical studies. We find that optimal joint
decision policies can be affected by significant factors to a varying degree. In certain conditions, the
revenue-sharing contract can coordinate online-to-offline supply chains considering corporate envi-
ronmental responsibility and lateral inventory transshipment. Our study proposes a new decision
problem, constructs new joint decision models, determines new optimal joint policies, conducts new
coordination analysis, and thus contributes to the research on supply chain operations considering
corporate environmental responsibility and lateral inventory transshipment.

Keywords: online-to-offline supply chain; corporate environmental responsibility; lateral inventory
transshipment; pricing; coordination

1. Introduction

Over the past decade, the natural environment has suffered significant environmental
degradation [1,2], which has caused high environmental costs [3], climate degeneration [1],
and many natural disasters [4,5]. For example, the widespread use of dirty energy, such
as coal or petrol, brings heavy carbon emissions, and drastically accelerates global warm-
ing, retreats ice sheets, and raises sea levels. Environment protection and sustainable
development have drawn increasing attention from supply chain firms, government and
consumers [2,6]. The International Energy Agency reports that global energy-relevant
carbon emissions reach a historic amount of 33.1 gigatons with growing rate 1.7% in
2018 [7]. To improve the environment and realize carbon neutrality, corporate environmen-
tal responsibility has increasingly elicited interest from supply chain firms. For example,
to take corporate environmental responsibility and obtain competitive advantages, BYD
Auto, Volvo, and BMW develop and sell electric or petrol-electric cars, and Gree produces
energy-saving air-conditioners.

In an exploding E-commerce era, consumers trend to require more online channel
service. It giants the online retail platforms, such as Amazon, Tmall, and JD.com [8,9].
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Meanwhile, many offline manufacturers provide online channel service through self-run
platforms such as WeChat mini-programs or third-party platforms such as Taobao, JD.com,
Amazon, which are experiencing rapid growth [10,11]. On this background, a new business
model emerges, called online-to-offline [12,13]. Online-to-offline mode refers to a mode
that, the manufacturer provides online selling service and forwards orders to the retailer
who is nearest to customers, and customers can pick up products from the retailer [13,14].
Many firms adopt online-to-offline mode in their practical operations such as Qumei
Furniture, OpenTable, Groupon, Restaurant.com, and Wowo Ltd. [14].

In online-to-offline supply chain, firms usually need lateral inventory transshipment.
lateral inventory transshipment refers to sharing or rotating inventories among supply
chain firms, and has been studied and adopted in multiple practical operations [15,16]. It
can reduce the inventory cost and is beneficial to improve the service level of supply chain
firms. In an online-to-offline supply chain, the virtual lateral inventory transshipment
is adopted since all inventories are stored by the retailer, and the manufacturer uses the
inventory of retailer to satisfy online demands by offering a certain online-to-offline service
price to the offline retailer [14].

The research gap between theoretical results and practical requirements is that, the
online-to-offline supply chain firms need to make decisions on price and coordination in
their practical operations considering corporate environmental responsibility and lateral in-
ventory transshipment, and require theoretical results to guide them, but the corresponding
data is still lacking.

To bridge the gap between theoretical results and practical requirements, we investi-
gate pricing and coordination problems in an online-to-offline supply chain considering
corporate environmental responsibility and lateral inventory transshipment. Specifically,
we attempt to address the following three sub-problems:

(1) What are the optimal joint pricing and corporate environmental responsibility-level
decision policies with lateral inventory transshipment in an online-to-offline supply
chain in centralized and decentralized decisions?

(2) What are the coordination conditions of online-to-offline supply chain with lateral
inventory transshipment in decentralized decisions?

(3) What can affect joint decision policies and coordination conditions of online-to-offline
supply chain with lateral inventory transshipment, and how?

To answer the above sub-questions, we first analyze the structure and interaction
process of an online-to-offline supply chain considering corporate environmental responsi-
bility and lateral inventory transshipment. We then develop the demand functions and
profit functions of retailers and manufacturer. Then, we construct and solve the joint
pricing and corporate environmental responsibility-level decision models in centralized
and decentralized decisions, and conduct the sensitivity analysis of significant parameters
on optimal joint decision policies. Furthermore, we conduct the coordination analysis of
the online-to-offline supply chain, and explore the effects of significant model parameters
and supply chain power structure by numerical studies.

Our study contributes to the research on online-to-offline supply chain operations.
Specifically (1), we propose a new pricing and coordination problem in an online-to-offline
supply chain considering corporate environmental responsibility and lateral inventory
transshipment, and show the interaction process of supply chain members. This extends the
research scope of online-to-offline supply chain operations. (2) We construct joint pricing
and corporate environmental responsibility-level decision models for centralized decision
(Scenario CD), retailer Stackelberg game (Scenario RS), and manufacturer Stackelberg game
(Scenario MS) in decentralized decisions, find the joint decision policies, show the impacts
of the preference degree of the consumer to the offline channel, online-to-offline service cost,
and online-to-offline service price on the optimal joint decision policies for three scenarios.
This enriches the research method on the online-to-offline supply chain operations. (3) We
find supply chain coordination conditions for Scenarios RS and MS, and show impacts
of significant model parameters on the conditions using numerical studies. This enriches
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research content on online-to-offline supply chain coordination. In addition, we provide
managerial insights for guiding online-to-offline supply chain firms in practical decisions.

The rest of the paper is organized as follows. Section 2 reviews the relevant literature.
Section 3 presents the problem description, notation, and basic assumptions. In Section 4,
we construct joint decision models and obtain optimal joint decision policies for three
scenarios, and further conduct the sensitivity analysis of significant model parameters.
Section 5 gives the coordination analysis for Scenarios RS and MS using a revenue-sharing
contract, and finds corresponding coordination conditions. Section 6 shows managerial
insights for guiding supply chain firms in their practical decisions. Section 7 concludes the
study with further research directions.

2. Literature Review

Our study focuses on the pricing and coordination problem in an online-to-offline
supply chain considering corporate environmental responsibility and lateral inventory
transshipment and is mainly related to the following three streams, i.e., operations man-
agement in an online-to-offline supply chain, supply chain operations with corporate
environmental responsibility, and supply chain operations with lateral inventory transship-
ment. It is necessary to point out that there are multiple studies in three fields, and thus it
is difficult to exhaust these research results. In our study, we will pay more attentions to
most representative or latest literature.

2.1. Operations Management in Online-to-Offline Supply Chain

In this stream, the literature mainly focuses on pricing, coordination, psychological,
behavioral effects sustainable supply chain, service in the supply chain, and omni-channel
operations. For studies on supply chain pricing, for example, Chen et al. [17] focused on
pricing decisions for both online and offline channels, and showed the impact of power
structure on the retail service supply chain. Zhao et al. [14] studied lateral inventory
transshipment problem in an online-to-offline supply chain, and demonstrated that there
exists a unique Nash equilibrium. Kong et al. [18] investigated joint pricing and service
decision of dual-channel operations in an O2O closed-loop supply chain. He et al. [19]
examined online selling mode choice and pricing in O2O tourism supply chain considering
corporate social responsibility. Sarkar et al. [20] investigated joint inventory and pricing
policy for an online-to-offline closed-loop supply chain. Zheng et al. [21] investigated
how the price cap regulations affect the firms’ pricing in an online-to-offline supply chain.
Li et al. [8] focused on pricing and new product design strategies in O2O supply chain
considering the impacts of online consumer reviews. Chai et al. [22] studied pricing
strategies for O2O business model considering service spillover and power structure, and
showed the impact of service spillover and power structures on supply chain performance.

For studies on online-to-offline supply chain coordination, for examples, Yu et al. [23]
studied ordering decisions and coordination with fairness concerns in the dual-channel
supply chain. They found that inventory transshipment strategy can realize coordination
under O2O business model. Pei et al. [9] proposed an innovative coordination mechanism
to lessen channel competition and helped enhance the profits of all parties.

For studies on psychological behavioral effects, for examples, He et al. [24] studied
supply chain decisions with reference quality effect under the O2O environment, and
showed how firms should incorporate the reference quality effect under different business
models. Yan et al. [25] found by analysis that the manufacturer’s willingness to employ
the marketplace channel increases and the e-tailer’s willingness to do so decreases in
the level of spillovers. Zend et al. [26] analyzed the effects of government anticipated
greening activity on optimal decisions and profit in an online-to-offline closed-loop supply
chain. Ma et al. [27] analyzed the impacts of psychological behavioral factors on product-
service supply chain decisions in an online-to-offline mode. Ma et al. [28] studied big data
empowering low-carbon smart tourism O2O supply chain considering consumer behaviors
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and corporate altruistic preferences, and showed that altruistic preference can promote
sustainable development of low-carbon tourism supply chain.

For studies on sustainable supply chains, for example, Sarkar et al. [29] proposed a
sustainable online-to-offline retailing strategy to provide better service to the consumer. Wu
et al. [12] investigated low-carbon decision-making problem in an online shopping supply
chain considering O2O model. Wu et al. [13] examined the government-led low-carbon
incentive model of the online shopping supply chain considering the O2O model, and
showed that environment cost has not changed if carbon emission is limited by government.

For studies on service in the supply chain, for examples, Sett et al. [30] investigated
the effect of O2O retail service quality in supply chain management, and showed that the
vendor will provide lower quality items. Xu et al. [31] focused on the impact of service
sharing on decisions in an online-to-offline retail market, and found that service sharing
always benefits brand supplier. Sun et al. [32] explored the O2O selection mode portrait
and optimization for railway service enterprises based on K-means. They found that
optimal mode can be impacted by operating capabilities of the partners.

For the studies on omni-channel operations, for examples, Melacini et al. [33] con-
ducted a systematic literature review on E-fulfilment and distribution in omni-channel
retailing. Cai and Lo [34] conducted a systematic review on omni-channel management
in new retailing era, and provided managerial applications to retail firms with omnichan-
nel strategy. Jiang et al. [35] focused on pricing decisions for an omni-channel supply
chain, and indicated that service value strongly influences players’ pricing strategies.
Liu et al. [36] studied operation strategies for omni-channel supply chain, and showed
which stakeholder benefitted from taking on an online channel and offline service. Wu
et al. [37] investigated integrated randomized pricing strategy for omni-channel retailing.
Li et al. [38] focused on cooperative advertising and pricing problem in O2O supply chain
with buy-online-and-pick-up-in-store (BOPS), and found that the implementation of BOPS
can partially substitute the incentive effect of cooperative advertising. In addition, some
scholars also explored supply chain cooperation [39], channel choice [40], and supply chain
management networks [41].

2.2. Supply Chain Operations with Corporate Environmental Responsibility

In this stream, the literature mainly focuses on pricing, contract design, strategy choice,
and supply chain environmental performance. For studies on supply chain pricing with
corporate environmental responsibility, for example, Wen et al. [42] explored price and
collection rate decisions in a closed-loop supply chain with environmental responsibility,
and indicated that collection rate under equal-pricing mode may be higher than that under
differentiated pricing mode. Wu et al. [3] developed closed-loop supply chain models
for joint environmental responsibility investment, recycling and pricing decisions, and
found recycling strategy of third-party-led collection is disadvantageous. Yuan et al. [43]
investigated green remanufacturer’s mixed collection channel strategy considering en-
terprise’s environmental responsibility and fairness concern, and showed the impact of
environmental responsibility on optimal decision.

For studies on supply chain coordination with corporate environmental responsibility,
for examples, Hong and Guo [44] designed several cooperation contracts in green supply
chain and investigated their environmental performance. Heydari and Rafiei [45] studied
sustainable supply chain coordination considering consumers’ environmental and social
awareness, and designed a contract to coordinate the supply chain. Xia and Niu [7] de-
signed a carbon-reducing contract for a supply chain with environmental responsibility,
and showed that optimal contract ensures profitability and compliance with environmental
responsibilities. Xie et al. [46] analyzed supply chain coordination considering the im-
pacts of uncertain yield and demand. Heydari et al. [47] proposed a green supply chain
coordination approach to balance price and green quality in the presence of consumer
environmental awareness.
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For studies on strategy choice in the supply chain with corporate environmental
responsibility, for examples, Lee et al. [48] examined antecedents of organizational com-
mitment for adopting corporate environmental responsibility and green practices. Yang
et al. [49] focused on dual-channel structure choice of an environmental responsibility sup-
ply chain, and found that the retailer may benefit from the introduction of direct channel
when green costs are relatively low. Wu et al. [50] focused on supply chain structure under
horizontal chain-to-chain competition, and proposed the optimal supply chain structural
choice policy.

For studies on supply chain environmental performance, for example, Carbone
et al. [51] investigated to what extent the dynamic capabilities developed in green sup-
ply chain management can foster social supply chain performance. Qin et al. [52] found
that corporate environmental responsibility practice will help correct environmental ex-
ternalities and further contribute to the implementation of national environmental plans.
Kraus et al. [1] investigated the influence of corporate social responsibility on environ-
mental performance, and showed the mediating role of environmental strategy and green
innovation. In addition, some scholars also focused on supplier evasion of a buyer’s
audit [53], SME [6,54], global value chain [55], corporate boundaries [56], specific supply
chain [2,57]. For more reviews on management theories related to environmental and social
responsibility, we refer interested readers to the literature [58].

2.3. Supply Chain Operations with Lateral Inventory Transshipment

In this stream, the literature mainly focuses on multi-location or multi-sourcing inven-
tory management, and specific products inventory management. For the studies on multi-
location or multi-sourcing inventory management, for example, Herer and Rashit [59]
addressed a two-location inventory system with lateral stock transshipments, and dis-
cussed the single-period planning horizon. Firouz et al. [60] studied the integrated supplier
selection and inventory problem with multi-sourcing and lateral transshipments, and
found that inferior decisions may result. Nakandala et al. [15] investigated the scenario
of sourcing goods through lateral transshipments, and proposed a two-step decision rule.
Meissner and Senicheva [61] conducted approximate dynamic programming for lateral
transshipment problems in multi-location inventory systems, and obtained an optimal
policy.

For the studies on specific product inventory management types, for example, the
Grahovac and Chakravarty [62] studied sharing and lateral transshipment of inventory
in a supply chain with expensive, low-demand items. Nakandala et al. [16] focused
on lateral transshipment problem for perishable inventory management. Shokouhifar
et al. [63] developed an inventory management model for blood supply chains with lateral
transshipment. Additionally, some scholars studied inventory management with lateral
transshipment from perspectives of risk [64], service [65], and E-commerce platform [14].
For more detailed research reviews before 2011, we refer interested readers to review the
literature [66].

To better position our study in the extant literature, we compare the closely related
literature with our study in Table 1 with respect to the following key features, i.e., online-
to-offline supply chain, pricing, coordination, corporate environmental responsibility, and
lateral inventory transshipment.
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Table 1. The comparison between our study and closely related literature.

References Online-to-Offline
Supply Chain Pricing Coordination Corporate Environmental

Responsibility
Lateral Inventory

Transshipment

Zhao et al. [14]
√ √

Sarkar et al. [20]
√ √

Chai et al. [22]
√ √

Yu et al. [23]
√ √ √

Jiang et al. [35]
√ √

Wen et al. [42]
√ √

Yuan et al. [43]
√ √

Yang et al. [49]
√ √

Shokouhifar et al. [63]
√

Our study
√ √ √ √ √

It is necessary to point out that, the key reference literatures in our study are [14]
and [23]. Our study has essential difference from them, i.e., our study considers corpo-
rate environmental responsibility, and pays attention to the decision on the corporate
environmental responsibility level.

To summarize, the existing research results on above three streams have made great
contributions to the development of supply chain operations, and provide reference and
theoretical support to our study. However, these results do not involve pricing and
coordination problems in an online-to-offline supply chain considering simultaneously
corporate environmental responsibility and lateral inventory transshipment, and thus
cannot be suitable to solve the problem in our study. Given the environment requirement of
government, consumers, and firm practice, we plan to bridge the gap between theoretical
research and practice in our study.

3. Problem Description, Notation, and Basic Assumptions
3.1. Problem Description

We consider an online-to-offline dual-channel supply chain consisting of one manufac-
turer and one retailer; the manufacturer produces with corporate environmental responsi-
bility, and sells the product through the retailer in the offline channel and its self-operated
E-store in an online channel. The retailer stores all inventories. For offline channel, the
retailer first orders from the manufacturer, the manufacturer makes the product according
to the order and the demand in an online channel, and delivers the product to the retailer
before the selling season. At the beginning of the selling season, the retailer sells the
product to the offline market, and the manufacturer sells the product to the online market
through a self-operated E-store. It is necessary to note that the manufacturer requires the
online-to-offline service of retailer with lateral inventory transshipment. Specifically, the
manufacturer forwards orders to the retailer if the manufacturer receives orders from online
channel, then the retailer will provide the online-to-offline service with lateral inventory
transshipment by certain service prices and costs. Consumers can pick up products from
the retailer. The structure and interaction process of supply chain firms can be seen in
detail in Figure 1.

We focus the study on joint pricing and corporate environmental responsibility-level
decisions and supply chain coordination, and further consider the following three decision
scenarios.

Scenario CD: The centralized decision with manufacturer’s corporate environmental
responsibility and lateral inventory transshipment in an online-to-offline dual-channel
supply chain.

Scenario RS: The retailer Stackelberg game in a decentralized decision with manufac-
turer’s corporate environmental responsibility and lateral inventory transshipment in an
online-to-offline dual-channel supply chain.

Scenario MS: The manufacturer Stackelberg game in decentralized decision with
manufacturer’s corporate environmental responsibility and lateral inventory transshipment
in an online-to-offline dual-channel supply chain.
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Figure 1. The structure and interaction process of online-to-offline supply chain.

In the problem, the manufacturer needs to decide the corporate environmental respon-
sibility level, retail price in an online channel, and wholesale price in an offline channel.
The retailer must decide margin price in the offline channel. To solve the problem, we need
to pay attention to the following sub-problems:

(1) How to build demand functions and profit functions of online-to-offline supply chain
firms considering manufacturer’s corporate environmental responsibility and lateral
inventory transshipment.

(2) How to construct the joint pricing and corporate environmental responsibility-level
decision models for three decision scenarios.

(3) How to coordinate online-to-offline supply chain in retailer and manufacturer Stack-
elberg games.

(4) How do model parameters affect optimal policies of supply chain for three deci-
sion scenarios and coordination conditions in retailer and manufacturer Stackelberg
games?

3.2. Notation and Basic Assumptions

To clearly present the study on pricing policy and coordination analysis in an online-
to-offline supply chain considering manufacturer’s corporate environmental responsibility
and lateral inventory transshipment, we intensively illustrate the notation of many pre-
viously used mathematical symbols for decision variables, parameters, and functions
in Table 2. It is necessary to point out that some superscript symbols are used, where
superscript CD denotes centralized decision, superscript RS or MS denotes retailer or
manufacturer Stackelberg game in decentralized decision, superscript RC or MC denotes
contract coordination analysis in retailer or manufacturer Stackelberg game, and super-
script ∗ denotes the optimal value.
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Table 2. Notations.

Decision variables:
wi: The wholesale price of manufacturer in the offline channel, i = RS, MS, RC, MC.
mi: The margin price of retailer in the offline channel, i = RS, MS, RC, MC.

pi
r:

The retail price of retailer in the offline channel, i = CD, RS, MS, RC, MC. It is necessary to point out that, in Scenarios RS
and MS, pi

r will be not decision variable since pi
r = mi + wi.

pi
e: The retail price of manufacturer in online channel, i = CD, RS, MS, RC, MC.

ri: The corporate environmental responsibility level of manufacturer, i = CD, RS, MS, RC, MC.

Parameters:
a: The market size, a > 0.
α: The preference degree of the consumer to the offline channel in purchasing decision, 0 < α < 1.
b1: The self-price elasticity, it is used to describe the impact of unit change of retail price on demand in current channel, b1 > 0.

b2: The cross-price elasticity, it is used to describe the impact of unit change of retail price in a competitive channel on demand in
current channel, 0 < b2 < b1.

t: The online-to-offline service price of retailer, it is paid by the manufacturer to the retailer for unit product in online-to-offline
mode with lateral inventory transshipment, t > 0.

l: The online-to-offline service cost of retailer. The retailer needs to bear it for unit product in an online-to-offline mode with
lateral inventory transshipment, 0 < l < t.

c: The unit production cost of manufacturer, c > 0.

kx:
The corporate environmental responsibility sensitivity, it is used to describe the impact of unit change of corporate
environmental responsibility level on market demand in the offline or online channel, where x = r, e denotes offline or online
channel, respectively, kx > 0.

β: The investment cost sensitivity to corporate environmental responsibility, it is used to describe the impact of unit corporate
environmental responsibility level on the profit of manufacturer, β > 0.

λ: The revenue sharing rate for Scenario RS in coordination analysis, λ > 0.
γ: The revenue sharing rate for Scenario MS in coordination analysis, γ > 0.

Functions:
Dx: The demand function of offline or online channel, x = r, e.
πj: The profit function of retailer, manufacturer, or supply chain, j = R, M, SC.

Without loss of generality, we summarize the necessary basic Assumptions 1–5 in our
study below:

Assumption 1. The products sold in the offline and online channels have no difference in quality,
function, and appearance, and the manufacturer sells the product through online-to-offline mode,
and the retailer can provide the online-to-offline service with lateral inventory transshipment [30].

Assumption 2. The price pe in the online channel is greater than wholesale price w in the offline
channel, i.e., pe > w, and it is also greater than the sum of production cost c and online-to-
offline service price t, i.e., pe − c > t. It indicates that the manufacturer can benefit from the
online-to-offline service.

Assumption 3. The online-to-offline service price t is greater than online-to-offline service cost
l, i.e., t > l. It ensures that the retailer can benefit from online-to-offline mode, and will provide
online-to-offline service.

Assumption 4. To ensure that the objective functions are concave in the centralized and
decentralized decisions, i.e., there is the uniquely optimal policy, we assume β > β1 =[
b1
(
k2

e + k2
r
)
+ 2b2kekr

]
/
[
2
(
b2

1 − b2
2
)]

by referring to [67,68].

Assumption 5. We consider online-to-offline supply chain firms are in Stackelberg game. In Nash
game, supply chain firms have same decision power, but in Stackelberg game, supply chain firms
have different decision powers. Since online-to-offline supply chain firms tend to have different
decision powers in reality, so we use Stackelberg game in our study [69].

4. Models and Equilibrium Results

In this section, we first build demand functions and profit functions considering
manufacturer’s corporate environmental responsibility and lateral inventory transship-
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ment. Then, for each scenario, we construct the joint pricing and corporate environmental
responsibility-level decision models, and conduct the analysis of equilibrium policy and
impacts of significant model parameters. To clearly illustrate the analysis structures in
three scenarios, we provide frameworks for each scenario:

For Scenario CD, the framework contains Model A, Theorem 1, Propositions 1 and 2,
and Table 3 for indicating the impact trends of parameters in Propositions 1 and 2.

For Scenario RS, the framework contains Model B, Theorem 2, Propositions 3–5, and
Table 4 for indicating the impact trends of parameters in Propositions 3–5.

For Scenario MS, the framework contains Model C, Theorem 4, Propositions 6–8, and
Table 5 for indicating the impact trends of parameters in Propositions 6–8.

4.1. Demand and Profit Functions

Generally, the market demand is sensitive to the prices in two channels and corpo-
rate environmental responsibility level [70–74]. The linear function is commonly used
to describe the price or green sensitive market demand in the supply chain [73,75–79].
Here, we follow them to use linear demand function. Specifically, we consider that the
market demand is a monotonously decreasing function with respect to the price but a
monotonously increasing function with respect to the price in competitive channel and
manufacturer’s corporate environmental responsibility level. On this basis, we give the
demand functions for offline and online channels below.

Dr = αa− b1 pr + b2 pe + krr (1)

De = (1− α)a− b1 pe + b2 pr + ker (2)

Given that the manufacturer’s corporate environmental responsibility level will di-
rectly affect consumer purchasing decision in an online direct-selling channel, and indirectly
affect consumer purchasing decisions in the offline channel through the retailer, so we
consider the corporate environmental responsibility sensitivity in the online channel is
greater than the one in the offline channel, i.e., ke > kr > 0. To ensure that supply chain
firms can benefit from the offline channel, we also consider a− b1c > 0.

The corporate environmental responsibility level can increase the demand, but will
lead the manufacturer to bear the additional cost, i.e., the investment cost of the corpo-
rate environmental responsibility. According to the existing literature [80,81], we adopt
a commonly used quadratic function to describe the investment cost of the corporate
environmental responsibility. Specifically, for the corporate environmental responsibility
level r, the manufacturer’s investment cost is βr2/2.

Furthermore, we can build profit functions of retailer and manufacturer in the supply
chain, i.e.,

πR = (pr − w)Dr + (t− l)De (3)

πM = (w− c)Dr + (pe − c− t)De − βr2/2 (4)

4.2. Scenario CD

In Scenario CD, the manufacturer and retailer are integrated vertically, and attempt
to find a joint pricing and corporate environmental responsibility-level decision policy
to maximize the profit of supply chain. According to Equations (3) and (4), we can
obtain the profit of supply chain, and can further construct the joint pricing and corporate
environmental responsibility-level decision model for Scenario CD, i.e., Model A.

Model A : max
pr ,pe ,r

πSC = πR + πM = (pr − c)Dr + (pe − c− l)De − βr2/2

By solving Model A, we can obtain following theoretical results.
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Theorem 1. In Scenario CD, there is uniquely optimal joint decision policy of retail prices pCD∗
r

and pCD∗
e , and corporate environmental responsibility level rCD∗, i.e.,

pCD∗
r =

{ (
k2

e − 2βb1
)
αa− (b2 + krke)(1− α)a− 2β

(
b2

1 − b2
2
)
c + (2b1 + b2)ck2

e
+(b1 + 3b2)ckrke + kel(b1kr + b2ke)

}
2[b1(k2

e+k2
r)+2b2kekr−2β(b2

1−b2
2)]

(5)

pCD∗
e =

{ (
k2

r − 2βb1
)
(1− α)a− (krke + 2βb2)αa− 2β

(
b2

1 − b2
2
)
(c + cl) + (b1 + b2)ck2

r
+2b1ck2

e + (b1 + 3b2)ckrke + l
(
b1k2

r + 2b1k2
e + 3b2krke

) }
2[b1(k2

e+k2
r)+2b2kekr−2β(b2

1−b2
2)]

(6)

rCD∗ =
(b2

1−b2
2)[c(kr+ke)+ke l]−(b1kr+b2ke)αa−(b1ke+b2kr)(1−α)a

b1(k2
e+k2

r)+2b2kekr−2β(b2
1−b2

2)
(7)

The proof can be seen in Appendix A.

Proposition 1. In Scenario CD, the optimal joint decision policy of pCD∗
r , pCD∗

e , and rCD∗is
sensitive to preference degree α of the consumer to the offline channel. Specifically,

(1) Price pCD∗
r in the offline channel decreases with degree α if β1 < β ≤ βcd1, but increases

with degree α if β > βcd1.
(2) Price pCD∗

e in the online channel decreases with degree α.
(3) Corporate environmental responsibility level rCD∗ decreases with degree α. where βcd1 =

ke(kr + ke)/[2(b1 − b2)].

The proof can be seen in Appendix A.

Proposition 2. In Scenario CD, the optimal joint decision policy of pCD∗
r , pCD∗

e , and rCD∗is
sensitive to online-to-offline service costlof retailer. Specifically,

(1) Price pCD∗
r in the offline channel decreases with the online-to-offline service cost l.

(2) Price pCD∗
e in the online channel decreases with the online-to-offline service cost l if β1 <

β ≤ βcd2, but increases with the online-to-offline service cost l if β > βcd2.
(3) Corporate environmental responsibility level rCD∗ decreases with the online-to-offline service

cost l. where βcd2 =
[
b1
(
2k2

e + k2
r
)
+ 3b2kekr

]
/
[
2
(
b2

1 − b2
2
)]

.

The proof can be seen in Appendix A.

According to Propositions 1 and 2, we can summarize impact trends of model param-
eters in Scenario CD in Table 3.

Table 3. The sensitivities of optimal policy to model parameters in Scenario CD.

α l t

pCD∗
r ↓↑ ↓ -

pCD∗
e ↓ ↓↑ -

rCD∗ ↓ ↓ -
Notes: ↑: increase; ↓: decrease; -: unchanged.

For impact trends of degree α in Table 3, the reason is that, increasing α will reduce
the demand in the online channel, supply chain needs to decrease price pCD∗

e to keep
online orders, it will lead to profit loss in the online channel; to make up the loss, supply
chain needs to reduce the cost, so level rCD∗ decreases. For price pCD∗

r , it may decrease or
increase. For increasing α, the profit in the offline channel increases, but the profit change
of whole supply chain may not be certain since the profit in the online channel decreases.
For lower β, both online and offline channels can contribute to the profit of supply chain, so
supply chain will decrease price pCD∗

r to realize the profits equilibrium for both channels.
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However, for higher β, the profit of supply chain will be mainly from offline channel, so
the supply chain will increase pCD∗

r to obtain more profits.
For impact trends of cost l in Table 3, the reason is that increasing l will increase the

cost and further reduce the profit of supply chain, so supply chain will decrease price pCD∗
r

to reduce the demand in the online channel to avoid additional cost loss; to make up the
loss, supply chain still needs to decrease level rCD∗. For price pCD∗

e , it may also decrease or
increase. Similarly, for lower β, both online and offline channels can also contribute to the
profit of supply chain, so supply chain will decrease price pCD∗

e to incentivize more online
consumers to purchase the product. However, for higher β, the profit of supply chain
will be mainly from offline channel, so the supply chain will increase pCD∗

e to improve the
demand in the offline channel and seek for more profits.

In addition, the optimal policy is not related to service price t in the centralized supply
chain.

4.3. Scenario RS

In scenario RS, the retailer is the leader in an online-to-offline supply chain. According
to Stackelberg game and Equations (3) and (4), we can construct the joint pricing and
corporate environmental responsibility-level decision model for Scenario RS, i.e., Model B.

Model B :

max
m

πR(m|pe, r, w ) = (pr − w)Dr + (t− l)De

s.t.

{
pe
∗, r∗, w∗ ∈ argmaxπM(pe, r, w|m ) = (w− c)Dr + (pe − c− t)De −

βr2

2
pr = m + w

By solving Model B, we can obtain following theoretical results.

Theorem 2. In Scenario RS, there is uniquely optimal joint decision policy of margin price mRS∗,
wholesale price wRS∗, online retail price pRS∗

e , and corporate environmental responsibility level
rRS∗, i.e.,

mRS∗ =

{
2αβa

(
b2

1 − b2
2
)
− a
(
b1ke + b2kr

)
[αke − (1− α)kr]

+(c− l + 2t)
[
2βb2

(
b2

1 − b2
2
)
− kekr

(
b2

1 + b2
2
)
− b1b2

(
k2

e + k2
r
)] }

2
[
2βb1(b2

1−b2
2)−(b1ke+b2kr)

2] − c (8)

wRS∗ =
ake [αke−(1−α)kr ]+(b1kr+b2ke)[(c+t)ke+(c+mRS∗)kr]−2aβ[b2(1−α)+b1α]

2[b1(k2
e+k2

r)−2β(b2
1−b2

2)+2b2kekr]

+ c−mRS∗
2

(9)

pRS∗
e =

{
2αβa

(
b2

1 − b2
2
)
− a
(
b1ke + b2kr

)
[αke − (1− α)kr]

+(c− l + 2t)
[
2βb2

(
b2

1 − b2
2
)
− kekr

(
b2

1 + b2
2
)
− b1b2

(
k2

e + k2
r
)] }

4
[
2βb1(b2

1−b2
2)−(b1ke+b2kr)

2]
[b1(k2

e+k2
r)−2β(b2

1−b2
2)+2b2kekr]

+ c+t
2 (10)

rRS∗ =
(b2

1+b2
2)[(c+t)ke+(c+mRS∗)kr]+a(1−α)(b2kr−b1ke)−aα(b1kr+b2ke)

b1(k2
e+k2

r)−2β(b2
1−b2

2)+2b2kekr
(11)

The proof can be seen in Appendix A.
Furthermore, we can obtain optimal retail price pRS∗

r in the offline channel according
to Equations (8) and (9), i.e.,

pRS∗
r = ake [αke−(1−α)kr ]+(b1kr+b2ke)[(c+t)ke+(c+m)kr ]−2aβ[b2(1−α)+b1α]

2[b1(k2
e+k2

r)−2β(b2
1−b2

2)+2b2kekr]

+ c+mRS∗
2

(12)

Proposition 3. In Scenario RS, the optimal joint decision policy of mRS∗, wRS∗, pRS∗
r , pRS∗

e , and
rRS∗ is sensitive to preference degree α of the consumer to the offline channel. Specifically,

(1) Margin price mRS∗ in the offline channel decreases with degree α if β1 < β ≤ βmrs1, but
increases with degree α if β > βmrs1.
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(2) Wholesale price wRS∗ in the offline channel decreases with degree α if Ywα1 ≤ 0, but increases
with degree α if Ywα1 > 0.

(3) Retail price pRS∗
r in the offline channel decreases with degree α if Yprα1 ≤ 0, but increases

with degree α if Yprα1 > 0.
(4) Retail price pRS∗

e in the online channel decreases with degree α.
(5) Corporate environmental responsibility level rRS∗ decreases with degree α.

where βmrs1 =
(
b1ke + b2kr

)
(ke + kr)/

[
2
(
b2

1 − b2
2
)]

,
Ywα1 = 2βb2(b1 − b2)

[
b1
(
k2

e + k2
r
)
+ 2b2kekr − 2β

(
b2

1 − b2
2
)]

+[ke(ke + kr)− 2β(b1 − b2)]
[(

b1ke + b2kr
)2 − 2βb1

(
b2

1 − b2
2
)]

,
Yprα1 = 2

[
b1
(
k2

e + k2
r
)
+ 2b2kekr − 2β

(
b2

1 − b2
2
)][(

b1ke + b2kr
)
(ke + kr)− β(b1 − b2)(2b1 + b2)

]
+[ke(ke + kr)− 2β(b1 − b2)]

[(
b1ke + b2kr

)2 − 2βb1
(
b2

1 − b2
2
)]

.

The proof can be seen in Appendix A.

Proposition 4. In Scenario RS, the optimal joint decision policy of mRS∗, wRS∗, pRS∗
r , pRS∗

e , and
rRS∗ is sensitive to online-to-offline service cost l of retailer. Specifically,

(1) Margin price mRS∗ in the offline channel increases with the online-to-offline service cost l if
β1 < β ≤ βrs, but decreases with the online-to-offline service cost l if β > βrs.

(2) Wholesale price wRS∗ in the offline channel decreases with the online-to-offline service cost l if
β1 < β ≤ βrs, but increases with the online-to-offline service cost l if β > βrs.

(3) Retail price pRS∗
r in the offline channel decreases with the online-to-offline service cost l if

β1 < β ≤ min
{

βrs, βprrs
}

or β > max
{

βrs, βprrs
}

, but increases with the online-to-offline
service cost l if βrs < β ≤ βprrs or βprrs < β ≤ βrs.

(4) Retail price pRS∗
e in the online channel decreases with the online-to-offline service cost l if

β1 < β < βrs, but increases with the online-to-offline service cost l if β > βrs.
(5) Corporate environmental responsibility level rRS∗ decreases with the online-to-offline service

cost l if β1 < β < βrs, but increases with the online-to-offline service cost l if β > βrs.
where βrs =

[
kekr

(
b2

1 + b2
2
)
+ b1b2

(
k2

e + k2
r
)]

/
[
2b2
(
b2

1 − b2
2
)]

,
βprrs =

(
b1k2

e + 3b2kekr + 2b1k2
r
)
/
[
2
(
b2

1 − b2
2
)]

.

The proof can be seen in Appendix A.

Proposition 5. In Scenario RS, the optimal joint decision policy of mRS∗, wRS∗, pRS∗
r , pRS∗

e , and
rRS∗ is sensitive to the online-to-offline service price t of manufacturer. Specifically,

(1) Margin price mRS∗ in the offline channel decreases with the online-to-offline service price t if
β1 < β ≤ βmrs3, but increases with the online-to-offline service price t if β > βmrs3.

(2) Wholesale price wRS∗ in the offline channel decreases with the online-to-offline service price t.
(3) Retail price pRS∗

r in the offline channel decreases with the online-to-offline service price t if
β1 < β ≤ βprrs3, but increases with the online-to-offline service price t if β > βprrs3.

(4) Retail price pRS∗
e in the online channel decreases with the online-to-offline service price t if

β1 < β ≤ βpers3, but increases with the online-to-offline service price t if β > βpers3.
(5) Corporate environmental responsibility level rRS∗ decreases with the online-to-offline ser-

vice price t. where βmrs3 =
[
kekr

(
b2

1 + b2
2
)
+ b1b2

(
k2

e + k2
r
)]

/
[
2b2
(
b2

1 − b2
2
)]

, βprrs3 =[
kekr

(
b2

1 + b2
2
)
+ b1b2

(
k2

e + k2
r
)]

/
[
b2
(
b2

1 − b2
2
)]

, βpers3 =
(
b1ke + b2kr

)2/
[
b1
(
b2

1 − b2
2
)]

.

The proof can be seen in Appendix A.

According to Propositions 3–5, we use Table 4 to show and compare the sensitivities
of optimal policy to model parameters in Scenario RS.
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Table 4. The sensitivities of optimal policy to model parameters in Scenario RS.

α l t

mRS∗ ↓↑ ↑↓ ↓↑
wRS∗ ↓↑ ↓↑ ↓
pRS∗

r ↓↑ ↓↑↓ ↓↑
pRS∗

e ↓ ↓↑ ↓↑
rRS∗ ↓ ↓↑ ↓

Notes: ↑: increase; ↓: decrease.

For impact trends of degree α in Table 4, the reason is that, increasing α will reduce
the demand in the online channel. To keep benefit, the manufacturer will decrease price
pRS∗

e to improve demand. To make up the loss, the manufacturer will decrease level rRS∗.
Besides, increasing α will increase the demand in the offline channel and further increase
the profit of retailer. For lower β, both online and offline channels can contribute to the
profit of manufacturer, so the manufacturer and retailer will seek for the profit equilibrium
by decreasing prices wRS∗ and mRS∗, and then price pRS∗

r decreases accordingly. However,
for higher β, the manufacturer will pay more attentions to the offline channel and seek for
more profits from offline channel, so the manufacturer and retailer will try to realize profit
equilibrium in the offline channel by increasing prices wRS∗ and mRS∗, and then price pRS∗

r
increases accordingly.

For impact trends of cost l in Table 4, the reason is that, for lower β, increasing l
will decrease the profit of retailer, and the retailer will increase price mRS∗ to share more
profits in the offline channel. The manufacturer will decrease wRS∗ to transfer the profit to
retailer, and will decrease price pRS∗

e to improve demand in the online channel to realize
profit equilibrium in both channels. Additionally, the manufacturer will decrease level
rRS∗ to reduce the investment cost for corporate environmental responsibility. However,
for higher β, the manufacturer suffers high investment cost for corporate environmental
responsibility. The increasing l will decrease the profit of retailer, but the retailer will
decrease price mRS∗ to transfer the profit to the manufacturer, and the manufacturer will
increase price wRS∗ to share more profit in the offline channel. Besides, the increasing l
will increase online-to-offline service cost, so the manufacturer will increase price pRS∗

e to
reduce demand in the online channel, and will further transfer profit from online channel
to the offline channel. In addition, to retain the profits of manufacturer and retailer, the
manufacturer will increase level rRS∗ to improve demands in two channels.

It is necessary to note that, price pRS∗
r consists of prices wRS∗ and mRS∗, and price pRS∗

r
may decrease or increase. It is because that, for lower β, impact of cost l on price pRS∗

r
mainly follows to the one on price wRS∗, so price pRS∗

r will decrease accordingly. For higher
β, impact of cost l on price pRS∗

r mainly follows to the one on price mRS∗, so price pRS∗
r will

also decrease accordingly. However, for median β, the impact of cost l on price pRS∗
r will

be related to comprehensive impact on prices wRS∗ and mRS∗, price pRS∗
r will increase.

For impact trends of service price t in Table 4, the reason is that, increasing t will
increase the profit of retailer but decrease the profit of manufacturer in online channel,
then the manufacturer will decrease level rRS∗ to reduce the investment cost to retain the
profit, and will decrease price wRS∗ to improve demand in the offline channel. Besides,
for lower β, the retailer will decrease price mRS∗ to transfer profit to the manufacturer,
and will accordingly decrease price pRS∗

r to improve demand in the offline channel. The
manufacturer will decrease price pRS∗

e to improve demand in the online channel for benefit.
However, for higher β, the manufacturer suffers from high investment cost for corporate
environmental responsibility, so the profit equilibrium in both channels cannot be realized,
thus the retailer will increase price mRS∗ to seek for the profit in the offline channel, the
manufacturer will increase price pRS∗

e to retain the profit. In addition, the impact of service
price t on price pRS∗

r mainly follows the one on price mRS∗, so price pRS∗
r will increase.
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4.4. Scenario MS

In scenario MS, the manufacturer is the leader in an online-to-offline supply chain.
According to Stackelberg game and Equations (3) and (4), we can construct the joint pricing
and corporate environmental responsibility-level decision model for Scenario MS, i.e.,
Model C.

Model C :
max
pe ,r,w

πM(pe, r, w|m ) = (w− c)Dr + (pe − c− t)De − βr2/2

s.t.
{

m∗ ∈ argmaxπR(m|pe, r, w ) = (pr − w)Dr + (t− l)De
pr = m + w

By solving Model C, we can obtain following theoretical results.

Theorem 3. In Scenario MS, there is uniquely optimal joint decision policy of margin price mMS∗,
wholesale price wMS∗, online retail price pMS∗

e , and corporate environmental responsibility level
rMS∗, i.e.,

mMS∗ =

kr


(
b1

2 − b2
2){b2(c− l + 2t) + b1[2ke(c + t) + ckr]}

−aαkr(b1 − b2)
2 − 2ab1{ke[(1− α)b1 + αb2] + b2kr}


4b1[(b1

2+b2
2)kr2−4βb1(b1

2−b2
2)+2b1

2ke2+4b1b2krke ]
+ b2(c+4t−3l)+(aα−cb1)

4b1
(13)

wMS∗
R =


(
4βb1

3b2 − b2
3kr

2 − 4βb1b2
3)(t− l)−

(
4βb1

2b2 + b1b2k2
r + 2b1

2krke
)
(1− α)a

+
(
2b1

2ke
2 − 4βb1

3c + b1b2krke
)
αa +

(
b1

2b2kr
2 + 2b1

3krk
)
(t + c) + 2b1

2b2ke
2(c + l)

+b1b2
2krke(c + 3l − 2t) +

(
2b1

3kr
2 + 2b1

3ke
2 − 4βb1

4 + 4βb1
2b2

2 + 5b1
2b2krke + b1b2

2kr
2)c


2[(b1

2+b2
2)kr2−4βb1(b1

2−b2
2)+2b1

2ke2+4b1b2krke ]
(14)

pMS∗
e =


(
b1

2 + 2b2
2 + b1b2

)
ckr

2 +
[(

b2
1 + 3b2

2)+ 2(2b1ke + 4b2kr)b1kekr
2]t

+4b1
2cke

2 −
(
b2

2kr
2 − b1b2krke

)
l − 4βb1

2a(1− α)− 4βb1b2αa− 4βb1
3c

−4βb1
3t + b1kr

2(1− α)a− kekrb1αa + 4βb1b2
2(t + c) +

(
b1

2 + 7b1b2
)
ckrke


2[(b1

2+b2
2)kr2−4βb1(b1

2−b2
2)+2b1

2ke2+4b1b2krke ]
(15)

rMS∗ =

{ (
b1

2b2kr − b2
3kr
)
(c + 2t− l)−

(
2b1

2ke + 2b1b2kr
)
(1− α)a−

[(
b1

2 + b2
2)kr + 2b1b2ke

]
αa

+2b1
3[ke(c + t) + krc]− 2b1b2

2[ke(c− t) + krc]

}
(b1

2+b2
2)kr2−4βb1(b1

2−b2
2)+2b1

2ke2+4b1b2krke
(16)

The proof can be seen in Appendix A.

Furthermore, we can obtain optimal retail price pMS∗
r in the offline channel according

to Equations (13) and (14), i.e.,

pMS∗
r =


−b2(c + 2t− l)

[
2β
(
b1

2 − b2
2)− b1

(
k2

e + 2k2
r
)
− 3b2krk

]
+ 3aαb1k2

e
−4aαβb1

2 − (c + t)
[(

b2
2 − 3b1

2)krke − 2b1b2k2
e
]
+ 2ab2kr[αke − (1− α)kr]

+3b1kekr[cb2 − (1− α)a] + cb1
2(k2

e + 2k2
r
)
− 2β

[
2ab1b2(1− α) + (aα + cb1)

(
b1

2 − b2
2)]


2[(b1

2+b2
2)kr2−4βb1(b1

2−b2
2)+2b1

2ke2+4b1b2krke ]
(17)

Proposition 6. In Scenario MS, the optimal joint decision policy of mMS∗, wMS∗, pMS∗
r , pMS∗

e ,
and rMS∗ is sensitive to preference degree α of the consumer to the offline channel. Specifically,

(1) Margin price mMS∗ in the offline channel decreases with degree α if β1 < β ≤ βmms1, but
increases with degree α if β > βmms1.

(2) Wholesale price wMS∗ in the offline channel decreases with degree α if β1 < β ≤ βwms1, but
increases with degree α if β > βwms1.

(3) Retail price pMS∗
r in the offline channel decreases with degree α if β1 < β ≤ βprms1, but

increases with degree α if β > βprms1.
(4) Retail price pMS∗

e in the online channel decreases with degree α.
(5) Corporate environmental responsibility level rMS∗ decreases with degree α. where βmms1 =

(b1ke + b2kr)(kr + ke)/
[
2
(
b2

1 − b2
2
)]

, βwms1 = (2b1ke + b2kr)(kr + ke)/
[
4
(
b1

2 − b1b2
)]

,
βprms1 = (3b1ke + 2b2kr)(kr + ke)/

[
2
(
3b2

1 − 2b1b2 − b2
2)].

The proof can be seen in Appendix A.
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Proposition 7. In Scenario MS, the optimal joint decision policy of mMS∗, wMS∗, pMS∗
r , pMS∗

e ,
and rMS∗ is sensitive to online-to-offline service cost l of retailer. Specifically,

(1) Margin price mMS∗ in the offline channel decreases with the online-to-offline service cost l.
(2) Wholesale price wMS∗ in the offline channel increases with the online-to-offline service cost l.
(3) Retail price pMS∗

r in the offline channel increases with the online-to-offline service cost l if
β1 < β ≤ βprms2, but decreases with the online-to-offline service cost l if β > βmms2.

(4) Retail price pMS∗
e in the online channel increases with the online-to-offline service cost l.

(5) Corporate environmental responsibility level rMS∗ increases with the online-to-offline service
cost l. where βprms2 =

[
b1
(
2kr

2 + ke
2)+ 3b2krke

]
/
[
2
(
b1

2 − b2
2)].

The proof can be seen in Appendix A.

Proposition 8. In Scenario MS, the optimal joint decision policy of mMS∗, wMS∗, pMS∗
r , pMS∗

e ,
and rMS∗ is sensitive to online-to-offline service price t of manufacturer. Specifically,

(1) Margin price mMS∗ in the offline channel decreases with the online-to-offline service price t if
β1 < β ≤ βmms3, but increases with the online-to-offline service price t if β > βmms3.

(2) Wholesale price wMS∗ in the offline channel decreases with the online-to-offline service price t.
(3) Retail price pMS∗

r in the offline channel decreases with the online-to-offline service price t if
β1 < β ≤ βprms3, but increases with the online-to-offline service price t if β > βprms3.

(4) Retail price pMS∗
e in the online channel decreases with the online-to-offline service price t if

β1 < β ≤ βpems3, but increases with the online-to-offline service price t if β > βpems3.
(5) Corporate environmental responsibility level rMS∗ decreases with the online-to-offline service

price t.
where βmms3 =

[(
b1

2 + 7b2
2)b1kekr + b1

2b2
(
3kr

2 + 4ke
2)+ b2

3kr
2]/[8b1b2

(
b1

2 − b2
2)],

βprms3 =
[
4b1b2

(
kr

2 + ke
2)+ krke

(
3b1

2 + 5b2
2)]/[4b2

(
b1

2 − b2
2)],

βpems3 =
[
4(b1ke + b2kr)

2 +
(
b1

2 − b2
2)kr

2
]
/
[
4b1
(
b1

2 − b2
2)].

The proof can be seen in Appendix A.

According to Propositions 6–8, we use Table 5 to show and compare the sensitivities
of optimal policy to model parameters in Scenario MS.

Table 5. The sensitivities of optimal policy to model parameters in Scenario MS.

α l t

mMS∗ ↓↑ ↓ ↓↑
wMS∗ ↓↑ ↑ ↓
pMS∗

r ↓↑ ↑↓ ↓↑
pMS∗

e ↓ ↑ ↓↑
rMS∗ ↓ ↑ ↓

Notes: ↑: increase; ↓: decrease.

For impact trends of cost l in Table 5, the reason is that, increasing l will decrease the
profit of retailer in the online channel, so the retailer will decrease price mMS∗ to try to
reduce the demand in the online channel. However, the manufacturer will seize the chance
to increase price wMS∗ to seek for more profits in the offline channel, and will increase
level rMS∗ to improve the demand in both channels, and will further increase price pMS∗

e
for benefit. Besides, price pMS∗

r is consisted of prices wMS∗ and mMS∗, and price pMS∗
r may

decrease or increase. It is because that, for lower β, impact of cost l on price pMS∗
r mainly

follows to the one on price wRS∗, so price pMS∗
r will increase accordingly. However, for

higher β, impact of cost l on price pMS∗
r mainly follows to the one on price mRS∗, so price

pMS∗
r will decrease accordingly.

For impact trends of degree α and service price t in Table 5, they are similar to the
ones in Table 4, so we do not repeat them here.
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Through the comparison analysis of theoretical results in Tables 4 and 5, we find that,
under different supply chain power structures, there are no significant differences with
respect to impacts of parameters α and t, but there are significant differences with respect
the impacts of cost l, i.e., the impact of cost l in manufacturer Stackelberg game will be
generally not related to the investment cost sensitivity β. It indicates that supply chain
power structure cannot affect impact trends of degree α and service price t on the optimal
joint decision problem, but can affect impact trends of cost l. Therefore, the supply chain
members need to pour attentions to the parameter environment and power structure in
their practical decisions.

5. Coordination Analysis

In this section, we conduct the coordination analysis by designing a revenue-sharing
contract for Scenarios RS and MS, and analyze the impacts of the investment cost sensitivity
β and revenue sharing rates λ and γ on profit differences of retailer and manufacturer
between centralized and decentralized decisions. Following extant literature [82], we
consider that supply chain coordinates if the optimal joint decision policy in Scenario RS or
MS is equal to the one in centralized decision. To illustrate clearly the coordination analysis
in two scenarios, we provide the frameworks for each scenario:

For Scenarios RS, the framework contains Model D, Theorem 4, Proposition 9, and
Figures 2 and 3 for testifying the results in Theorem 4 and Proposition 9.

For Scenario MS, the framework contains Model F, Theorem 5, Proposition 10, and
Figures 4 and 5 for testifying the results in Theorem 5 and Proposition 10.

5.1. Scenario RS

In Scenario RS, we use a revenue-sharing contract to realize supply chain coordination.
In the contract, the manufacturer will incentive the retailer to accept the contract by feasible
wholesale price w, and the retailer will share rate λ of revenue to the manufacturer. Then,
we can build profit functions of retailer and manufacture in revenue-sharing contract in an
online-to-offline supply chain. According to Stackelberg game, we can construct the joint
pricing and corporate environmental responsibility-level decision model below.

Model D :

max
mRC∗

πRC
R = [(1− λ)pr − w]Dr + (t− l)De

s.t.


wRC∗ ∈ argmaxπRC

M = (λpr + w− c)Dr + (pe − c− t)De − βr2

2
rRC∗ = rCD∗, pRC∗

e = pCD∗
e , pRC∗

r = pCD∗
r , pRC∗

r = wRC∗ + mRC∗

πRC∗
M ≥ πRS∗

M , πRC∗
R ≥ πRS∗

R
0 ≤ λ ≤ 1

By coordination analysis, we can obtain the following theoretical results.

Theorem 4. In Scenario RS, the revenue-sharing contract can realize supply chain coordination
if pRC∗

e = pCD∗
e , pRC∗

r = pCD∗
r , and rRC∗ = rCD∗, and further coordinated wholesale price wRC∗

can be determined, i.e.,

wRC∗ =

{
a[αb1 + (1− α)λb2]− c

(
b2

1 − λb2
2
)}

k2
r − (c + l)(1− λ)b1b2k2

e + 2aβ(1− λ)[(1− α)b1 + αb2]
+kekr

{
α[(1− α)b1 + (2− λ)αb2]− (c + cl)

(
b2

1 − λb2
2
)
− (1− λ)cb1b2

}
+aα + (1− 2λ)cb1 + b2[(2 + λ)cl − 2t + cλ]

[
2β
(
b2

1 − b2
2
)
− b1

(
k2

e + k2
r
)
− 2b2kekr

]
2b1
[
2β
(
b2

1 − b2
2
)
− b1(k2

e + k2
r )− 2b2kekr

] (18)

The proof can be seen in Appendix A.
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Proposition 9. In Scenario RS, the manufacturer and retailer are willing to use the revenue-sharing
contract to coordinate supply chain if and only if λ1 < λ < λ2, where

λ1 =
[
(t + c)

(
DRC∗

e − DRS∗
e
)
− pRC∗

e DRC∗
e + pRS∗

e DRS∗
e +

(
wRS∗ − c

)
DRS∗

r
]
/
(

pRC∗
r DRC∗

r
)
−
(
wRC∗ − c

)
/pRC∗

r

+β
[(

rRC∗)2 −
(
rRS∗)2

]
/
(
2pRC∗

r DRC∗
r
)
,

λ2 =
[(

t− l + mRC∗)DRC∗
r −

(
t− l + mRS∗)DRS∗

r
]
/
(

pRC∗
r DRC∗

r
)
.

It is easy to see from the comparison with respect to profits of each supply chain firm
between Scenario RS in revenue-sharing contract and Scenario CD, so we will not provide
the proof in detail.

To illustrate and testify theoretical result in Proposition 9 in Scenario RS, we conduct
the following numerical study to show the impacts of revenue-sharing rate λ and invest-
ment cost sensitivity β for corporate environmental responsibility. Given the assumptions
and coordination conditions, i.e., b1 > b2, ke > kr, cl < t < pe − c, β > β1, and β > β2, we
determine without loss of generality parameters’ values, i.e., a = 100, b1 = 5, b2 = 3, c = 5,
ke = 3, kr = 1, l = 5, t = 10, and α = 0.3. In specific analysis, we analyze the impacts of
revenue-sharing rate λ for lower investment cost sensitivity β (β = 5) as shown in Figure 2
and for higher investment cost sensitivity β (β = 25) as shown in Figure 3.

We find from Figures 2 and 3 that, with the increase of rate λ in Scenario RS, the
retailer’s profit difference between coordination and non-coordination changes from posi-
tive to negative, but the manufacturer’s profit difference between coordination and non-
coordination is always positive and increases. It indicates that the manufacturer can always
benefit from the coordination realized by revenue-sharing contract, but the retailer can
benefit from the coordination only for lower rate λ, and will deny revenue-sharing contract
if rate λ is higher. Obviously, for higher λ, the revenue-sharing contract cannot realize
supply chain coordination.

Figure 2. The impact of revenue sharing rate λ on profit differences between coordination and
non-coordination for Scenario RS when β = 5.

Figure 2 shows that, for lower β, the manufacturer and retailer are willing to use
revenue-sharing contract to realize supply chain coordination when λ ∈ [0, 0.25]. In
addition, at the point λ = 0.25, the revenue-sharing contract can still realize supply
chain coordination, and the retailer’s profit difference is zero, but the manufacturer’s
profit difference takes the maximum in coordination. From Figure 3, we find that the
manufacturer and retailer are willing to use revenue-sharing contract to realize supply
chain coordination when λ ∈ [0, 0.18].
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Figure 3. The impact of revenue sharing rate λ on profit differences between coordination and
non-coordination for Scenario RS when β = 25.

By comparison analysis in Figures 2 and 3, we find the investment cost sensitivity
cannot affect the coordination capability of revenue-sharing contract, but can affect the
coordination range with respect to rate λ. In addition, the higher the investment cost
sensitivity β is, the greater the changing extent of profit differences between coordination
and non-coordination with respect to rate λ is. It indicates that investment cost sensitivity
β can affect the impact effectiveness of rate λ on profit differences between coordination
and non-coordination.

5.2. Scenario MS

In Scenario MS, the coordination analysis is similar to the one in Scenario RS. Specifi-
cally, we build the profit functions of retailer and manufacture in revenue-sharing contract
in an online-to-offline supply chain. According to Stackelberg game, we construct the joint
pricing and corporate environmental responsibility-level decision model below.

Model E :

max
wMC∗

πMC
M = (γpr + w− c)Dr + (pe − c− t)De − βr2

2

s.t.


mMC∗ ∈ argmaxπMC

R = [(1− γ)pr − w]Dr + (t− l)De
rMC∗ = rCD∗, pMC∗

e = pCD∗
e , pMC∗

r = pCD∗
r , pMC∗

r = wMC∗ + mMC∗

πMC∗
M ≥ πMS∗

M , πMC∗
R ≥ πMS∗

R
0 ≤ γ ≤ 1

By coordination analysis, we can obtain the following theoretical results.

Theorem 5. In Scenario MS, the revenue-sharing contract can realize supply chain coordination if
pMC∗

e = pCD∗
e , pMC∗

r = pCD∗
r , and rMC∗ = rCD∗, and further coordinated wholesale price wMC∗

can be determined, i.e.,

wMC∗ =

b2(1− γ)
{

b1k2
e (c + l)− 2aαβb2 + [cb2 + a(1− α)]k2

r
}

−{2aβb1(1− α) + krke[aα− cb1 − b2(c + l)]}b2(1− γ)
+{c(1− γ)(2b1 − b2) + b2[(1 + γ)l − 2t]}

[
b1
(
k2

r + k2
e
)
+ 2b2krke − 2β

(
b1

2 − b2
2)]

2b1[b1(k2
r+k2

e)+2b2krke−2β(b1
2−b2

2)]
(19)

The proof can be seen in Appendix A.

Proposition 10. In Scenario MS, the manufacturer and retailer are willing to use the revenue-
sharing contract to coordinate supply chain if and only if γ1 < γ < γ2, where

γ1 =
[
(t + c)

(
DMC∗

e − DMS∗
e

)
− pMC∗

e DMC∗
e + pMS∗

e DMS∗
e +

(
wMS∗ − c

)
DMS∗

r
]
/
(

pMC∗
r DMC∗

r
)
−
(
wMC∗ − c

)
/pMC∗

r

+β
[(

rMC∗)2 −
(
rMS∗)2

]
/
(
2pMC∗

r DMC∗
r

)
,

γ2 = 1− wMC∗/pMC∗
r +

[
(t− l)

(
DMC∗

e − DMS∗
e

)
−mMS∗DMS∗

r
]
/
(

pMC∗
r DMC∗

r
)
.



Mathematics 2021, 9, 2623 19 of 30

It is easy to see from the profit comparison between Scenario MS in revenue-sharing
contract and Scenario CD, so we will not provide the proof in detail.

Similar to Figures 2 and 3, we conduct following numerical study to illustrate and tes-
tify theoretical result in Proposition 10 in Scenario MS, and can obtain from Figures 4 and 5
some similar analysis results as shown in Figures 2 and 3. It is necessary to note that, in
Figures 4 and 5, the manufacturer and retailer are willing to use revenue-sharing contract
to realize supply chain coordination when γ ∈ [0.88, 1] for lower β and when γ ∈ [0.84, 1]
for higher β. It indicates that the supply chain coordination range with respect to rate γ for
higher β is greater than the one for lower β.

Figure 4. The impact of revenue sharing rate γ on profit differences between coordination and
non-coordination for Scenario MS when β = 5.

By comparison of Figures 2–5 in Scenarios RS and MS, we find three significant
differences caused by supply chain power structure:

(1) The retailer needs to share more revenues to the manufacturer for supply chain
coordination in manufacturer Stackelberg game than the one in retailer Stackelberg game.
This is because in retailer Stackelberg game, the retailer has higher bargaining power. She
will decide a lower margin price to transfer some profits to the manufacturer and then can
require a lower revenue-sharing rate. However, in the manufacturer Stackelberg game, the
manufacturer has higher bargaining power. He can require a higher revenue-sharing rate
to realize supply chain coordination by a lower wholesale price.

(2) For different supply chain power structures, profit differences of manufacturer and
retailer between coordination and non-coordination differ. In the retailer Stackelberg game,
the manufacturer’s profit difference is positive and increases with revenue-sharing rate,
but the retailer’s profit difference changes from positive to negative. In the manufacturer
Stackelberg game, the manufacturer’s profit difference changes from negative to positive,
but the retailer’s profit difference is positive and decreases with revenue-sharing rate.
Obviously, the profit differences with respect to supply chain leader change from positive
to negative or from negative to positive, but the profit differences with respect to supply
chain follower are always positive. The reason is that the supply chain leader has the
power to make a more profitable decision so the profit difference between coordination
and non-coordination is relatively small, and thus changes from positive to negative or
from negative to positive. It indicates that the supply chain leader conditionally accepts
the coordination contract, but the supply chain follower always accepts.
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Figure 5. The impact of revenue sharing rate γ on profit differences between coordination and
non-coordination for Scenario MS when β = 25.

(3) The supply chain power structure can affect the impact of the investment cost
sensitivity on coordination range with respect to the revenue-sharing rate. In retailer
Stackelberg game, coordination range with respect to revenue-sharing rate is [0, 0.25] for
lower β but [0, 0.18] for higher β. In the manufacturer’s Stackelberg game, the coordination
range with respect to revenue-sharing rate is [0.88, 1] for lower β but [0.84, 1] for higher β.
It indicates that the coordination range with respect to revenue-sharing rate extends with
the investment cost sensitivity β in the retailer Stackelberg game, but narrows with β in the
manufacturer’s Stackelberg game.

From the above analysis, we find the supply chain power structure can affect online-
to-offline supply chain coordination conditions considering corporate environmental re-
sponsibility and lateral inventory transshipment, and thus the manufacturer and retailer
need to pay attention to power structure characteristics in their practical decision.

It is necessary to note that these results derive from numerical studies, but they can
still illustrate and testify theoretical results in Theorems 4 and 5 and Propositions 9 and 10.

6. Management Insights

To guide supply chain firms in their practical decisions, we provide managerial
insights according to obtained theoretical results below.

(1) The optimal joint pricing and corporate environmental responsibility-level decision
policies for three scenarios are uniquely determined, and can be affected by significant
parameters, but the effects are not monotonic. Thus, the supply chain firms need to
determine optimal policy with respect to the practical parameter environment. If the
parameter environment changes, they need to make timely adjustments according to
the theoretical results in this study. Specifically, in Scenario CD, for higher preference
degree of the consumer to the offline channel, the manufacturer needs to set a lower
price in the online channel and corporate environmental responsibility level; for higher
online-to-offline service cost, the retailer needs to make lower price in the offline channel,
and the manufacturer needs to make lower corporate environmental responsibility level.
In Scenario RS, for higher preference degree of the consumer to the offline channel or
higher online-to-offline service price, the manufacturer needs to make lower corporate
environmental responsibility level. In Scenario MS, for higher online-to-offline service cost,
the retailer needs to make a lower margin price, and the manufacturer needs to make a
higher price in the online channel and corporate environmental responsibility level.

(2) The revenue-sharing contract can realize supply chain coordination in Scenarios
RS and MS, but the coordination conditions for two the scenarios are different. To realize a
win-win equilibrium, the supply chain leader needs to comprehensively consider the profit
expectations of both supply chain firms. In Scenario RS, the retailer is the leader of supply
chain, and has more power to take priority to make decisions. In this scenario, the retailer
will trend to share lower revenue with the manufacturer. In Scenario MS, the manufacturer
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is the leader of supply chain, and has more power to take priority to make decision. In
this scenario, the manufacturer will trend to seek higher revenue from the retailer. In both
scenarios, the supply chain follower can deny a revenue contract if the supply chain leader
badly hurts the profits of the follower.

(3) The supply chain power structure, revenue-sharing rate, and investment cost
sensitivity can directly affect the coordination conditions for Scenarios RS and MS, and
the supply chain power structure can affect the impact of investment cost sensitivity on
coordination conditions with respect to revenue-sharing rate. Specifically, in Scenario
RS, the higher the investment cost sensitivity is, the narrower the coordination condition
range with respect to revenue-sharing rate is. The retailer will hold more profits of the
supply chain. In Scenario MS, the higher the investment cost sensitivity is, the wider the
coordination condition range with respect to revenue-sharing rate is. The manufacturer
will hold more profits from the supply chain.

7. Conclusions

In this paper, we investigated the pricing and coordination problems in an online-
to-offline supply chain considering corporate environmental responsibility and lateral
inventory transshipment. First, we analyze the structure and interaction process of supply
chain, and construct joint pricing and corporate environmental responsibility-level decision
models for three decision scenarios: CD, RS, and MS. By solving constructed models,
we determine optimal joint decision policies for three scenarios, and provide the impact
analysis of significant model parameters. Furthermore, we conduct the coordination
analysis of the supply chain using a revenue-sharing contract in retailer and manufacturer
Stackelberg games, and provide theoretical and numerical studies to show the impacts
of significant factors, and further show the effect of supply chain power structure on the
coordination by comparison.

We find that the optimal joint pricing and corporate environmental responsibility-level
decision policy is uniquely determined for each scenario, and the policies for Scenarios RS
and MS can be affected by the preference degree of the consumer to the offline channel,
investment cost sensitivity to corporate environmental responsibility, and online-to-offline
service price of manufacturer, but the policy for Scenario CD can be only affected by the
preference degree and investment cost sensitivity. We also find the revenue-sharing contract
can be used to realize the coordination of supply chain considering corporate environmental
responsibility and lateral inventory transshipment, and that the coordination conditions
are directly related to revenue-sharing rate and investment cost sensitivity to corporate
environmental responsibility, and can also be affected by supply chain power structure
difference.

Our study still has some limitations; these limitations will lead to further study. (1) We
do not consider the impacts of stochastic demand and yield uncertainty, but the stochastic
demand and yield uncertainty are important factors in some practical decisions. For
further study, we will investigate the impacts of stochastic demand and yield uncertainty
on optimal policy of supply chain considering corporate environmental responsibility
and lateral inventory transshipment. (2) We do not consider the market competition, but
product competition is also an important factor in reality. For further study, we will also
try to conduct the study in competitive environment.
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Appendix A

Proof of Theorem 1. According to Model A, we can determine Hessian matrix H1 of
πSC(pr, pe, r) with respect to pr, pe and r.

H1 =


∂2πSC

∂p2
r

∂2πSC
∂pr∂pe

∂2πSC
∂pr∂r

∂2πSC
∂pe∂pr

∂2πSC
∂p2

e

∂2πSC
∂pe∂r

∂2πSC
∂r∂pr

∂2πSC
∂r∂pe

∂2πSC
∂r2

 =

 −2b1 2b2 kr
2b2 −2b1 ke
kr ke −β

 (A1)

Obviously, matrix H1 is negative definite if β > β1 =
[
b1
(
k2

e + k2
r
)
+ 2b2kekr

]
/
[
2
(
b2

1 − b2
2
)]

,
it implies that, πSC(pr, pe, r) is a joint concave function with respect to pr, pe, and r, and has
uniquely optimal policy. On the basis, by ∂πSC/∂pr = 0, ∂πSC/∂pe = 0, and ∂πSC/∂r = 0,
then we can determine the optimal policy, i.e., pCD∗

r , pCD∗
e , and rCD∗. �

Proof of Proposition 1. According to Equations (5)–(7), we can obtain first order derivatives
of optimal joint decision policy with respect to parameter α, i.e.,

∂pCD∗
r

∂α
=

a[ke(kr + ke)− 2β(b1 − b2)]

2
[
b1(k2

e + k2
r ) + 2b2kekr − 2β

(
b2

1 − b2
2
)] (A2)

∂pCD∗
e

∂α
= − a[kr(kr + ke)− 2β(b1 − b2)]

2
[
b1(k2

e + k2
r ) + 2b2kekr − 2β

(
b2

1 − b2
2
)] (A3)

∂rCD∗

∂α
=

a(b1 − b2)(ke − kr)

b1(k2
e + k2

r ) + 2b2kekr − 2β
(
b2

1 − b2
2
) (A4)

Let βcd1 = ke(kr + ke)/[2(b1 − b2)], then we know βcd1 > β1. Furthermore, given
β > β1, we find from Equation (A2) that ∂pCD∗

r /∂α < 0 if β1 < β ≤ βcd1, and that
∂pCD∗

r /∂α > 0 if β > βcd1. Since β > β1, we know kr(kr + ke) < 2β(b1 − b2). According to
Equation (A3), we further know ∂pCD∗

e /∂α < 0. In addition, we know that ∂rCD∗/∂α < 0
according to Equation (A4). �

Proof of Proposition 2. According to Equations (5)–(7), we can obtain first order derivatives
of optimal joint decision policy with respect to parameter l, i.e.,

∂pCD∗
r
∂l

=
ke(b1kr + b2ke)

2
[
b1(k2

e + k2
r ) + 2b2kekr − 2β

(
b2

1 − b2
2
)] (A5)

∂pCD∗
e
∂l

=
b1
(
2k2

e + k2
r
)
+ 3b2kekr − 2β

(
b2

1 − b2
2
)

2
[
b1(k2

e + k2
r ) + 2b2kekr − 2β

(
b2

1 − b2
2
)] (A6)

∂rCD∗

∂l
=

ke
(
b1

2 − b2
2)

b1(k2
e + k2

r ) + 2b2kekr − 2β
(
b2

1 − b2
2
) (A7)



Mathematics 2021, 9, 2623 23 of 30

Let βcd2 =
[
b1
(
2k2

e + k2
R
)
+ 3b2kekr

]
/
[
2
(
b2

1 − b2
2
)]

, then we know βcd2 > β1. Obvi-
ously, ∂pCD∗

e /∂l < 0 if β1 < β ≤ βcd2, and ∂pCD∗
e /∂l > 0 if β > βcd2. In addition,

according to Equations (A5) and (A7), we know ∂pCD∗
r /∂l < 0 and ∂rCD∗/∂l < 0. �

Proof of Theorem 2. For Model B, we can determine Hessian matrix H2 of πM(pe, w, r)
with respect to w, pe, and r, i.e.,

H2 =


∂2πM
∂p2

e

∂2πM
∂pe∂w

∂2πM
∂pe∂r

∂2πM
∂w∂pe

∂2πM
∂w2

∂2πM
∂w∂r

∂2πM
∂r∂pe

∂2πM
∂r∂w

∂2πM
∂r2

 =

 −2b1 2b2 ke
2b2 −2b1 kr
ke kr −β

 (A8)

Given β > β1, we know that matrix H2 is negative definite, and thus we know that
πM(pe, w, r) is a joint concave function with respect to pe, w, and r. Furthermore, we can
determine the response functions of manufacturer by ∂πM/∂pe = 0, ∂πM/∂w = 0, and
∂πM/∂r = 0, i.e.,

pe =
akr [(1−α)kr−αke ]+(b1ke+b2kr)[(c+t)ke+(c+m)kr ]−2aβ[b1(1−α)+b2α]

2[b1(k2
e+k2

r)−2β(b2
1−b2

2)+2b2kekr]
+ t+c

2 (A9)

w = ake [αke−(1−α)kr ]+(b1kr+b2ke)[(c+t)ke+(c+m)kr ]−2aβ[b2(1−α)+b1α]

2[b1(k2
e+k2

r)−2β(b2
1−b2

2)+2b2kekr]
+ c−m

2 (A10)

r = (b2
1+b2

2)[(c+t)ke+(c+m)kr ]+a(1−α)(b2kr−b1ke)−aα(b1kr+b2ke)

b1(k2
e+k2

r)−2β(b2
1−b2

2)+2b2kekr
(A11)

By substituting Equations (A9)–(A11) into profit function of retailer, we can obtain
the converted retailer’s profit function πR(m), then we can determine the second order
derivative of πR(m) with respect to m, i.e.,

∂2πR

∂m2 = −
(
b1ke + b2kr

)2 − 2βb1
(
b2

1 − b2
2
)

2
[
b1(k2

e + k2
r ) + 2b2kekr − 2β

(
b2

1 − b2
2
)] (A12)

Since β > β1, then we know
(
b1ke + b2kr

)2
< 2βb1

(
b2

1 − b2
2
)
, and thus we know

∂2πR/∂m2 < 0. Obviously, πR is a concave function with respect to m. By ∂πR/∂m = 0,
we can obtain mRS∗. Then we can determine optimal joint decision policy of pRS∗

e , wRS∗,
and rRS∗ by substituting mRS∗ into Equations (A9)–(A11). �

Proof of Proposition 3. According to Equations (8)–(12), we can obtain first order deriva-
tives of optimal joint decision policy with respect to parameter α, i.e.,

∂mRS∗

∂α
=

a
[(

b1ke + b2kr
)
(ke + kr)− 2β

(
b2

1 − b2
2
)]

2
[(

b1ke + b2kr
)2 − 2βb1

(
b2

1 − b2
2
)] (A13)

∂wRS∗

∂α = a[ke(ke+kr)−2β(b1−b2)]

4[b1(k2
e+k2

r)+2b2kekr−2β(b2
1−b2

2)]
+ aβb2(b1−b2)

2
[
(b1ke+b2kr)

2−2βb1(b2
1−b2

2)
] (A14)

∂pRS∗
r

∂α = a[ke(ke+kr)−2β(b1−b2)]

4[b1(k2
e+k2

r)+2b2kekr−2β(b2
1−b2

2)]
+

a[(b1ke+b2kr)(ke+kr)−β(b1−b2)(2b1+b2)]
2
[
(b1ke+b2kr)

2−2βb1(b2
1−b2

2)
] (A15)

∂pRS∗
e

∂α = −

a
[
kr
(
b1ke + b2kr

)
− 4βb1

(
b1 − b2

)][
b1
(
k2

e + k2
r
)
+ 2b2kekr − 2β

(
b2

1 − b2
2
)]

+ak2
r
(
b1 − b2

)
(ke − kr)

(
b1ke + b2kr

)
4
[
(b1ke+b2kr)

2−2βb1(b2
1−b2

2)
]
[b1(k2

e+k2
r)+2b2kekr−2β(b2

1−b2
2)]

(A16)
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∂rRS∗
∂α =

a(b1−b2)(ke−kr)

2[b1(k2
e+k2

r)+2b2kekr−2β(b2
1−b2

2)]
+

a(b1−b2)(b1ke+b2kr)
2
[
(b1ke+b2kr)

2−2βb1(b2
1−b2

2)
] (A17)

Let βmrs1 =
(
b1ke + b2kr

)
(ke + kr)/

[
2
(
b2

1 − b2
2
)]

, we know βmrs1 > β1 and β > β1.
According to Equation (A13), we know that ∂mRS∗/∂m < 0 if β1 < β ≤ βmrs1, and that
∂mRS∗/∂m > 0 if β > βmrs1. Let Ywα1 = 2βb2(b1 − b2)

[
b1
(
k2

e + k2
r
)
+ 2b2kekr − 2β

(
b2

1 − b2
2
)]

+
[(

b1ke + b2kr
)2 − 2βb1

(
b2

1 − b2
2
)]
·[ke(ke + kr)− 2β(b1 − b2)]. According to Equation (A14),

we know that ∂wRS∗/∂α > 0 if Ywα1 > 0, and that ∂wRS∗/∂α < 0 if Ywα1 ≤ 0. Let Yprα1 =

2
[
b1
(
k2

e + k2
r
)
+ 2b2kekr − 2β

(
b2

1 − b2
2
)] [(

b1ke + b2kr
)
(ke + kr)− β(b1 − b2)(2b1 + b2)

]
+
[(

b1ke + b2kr
)2 − 2βb1

(
b2

1 − b2
2
)]
[ke(ke + kr)− 2β(b1 − b2)]. According to Equation (A15),

we know that ∂pRS∗
r /∂α > 0 if Yprα1 > 0, and that ∂pRS∗

r /∂α < 0 if Yprα1 ≤ 0. In addi-
tion, given β > β1, we know kr

(
b1ke + b2kr

)
< 4βb1

(
b1 − b2

)
, and thus we further know

∂pRS∗
e /∂α < 0 according to Equation (A16). Similarly, we know ∂rRS∗/∂α < 0 according to

Equation (A17). �

Proof of Proposition 4. According to Equations (8)–(12), we can obtain first order deriva-
tives of optimal joint decision policy with respect to parameter l, i.e.,

∂mRS∗

∂l = − kekr(b2
1+b2

2)+b1b2(k2
e+k2

r)−2βb2(b2
1−b2

2)
2
[
(b1ke+b2kr)

2−2βb1(b2
1−b2

2)
] (A18)

∂wRS∗

∂l =
[ke(b1ke+b2kr)−2β(b2

1−b2
2)][kekr(b2

1+b2
2)+b1b2(k2

e+k2
r)−2βb2(b2

1−b2
2)]

4
[
(b1ke+b2kr)

2−2βb1(b2
1−b2

2)
]
[b1(k2

e+k2
r)+2b2kekr−2β(b2

1−b2
2)]

(A19)

∂pRS∗
r
∂l = − [(b1k2

e+3b2kekr+2b1k2
r)−2β(b2

1−b2
2)][kekr(b2

1+b2
2)+b1b2(k2

e+k2
r)−2βb2(b2

1−b2
2)]

4
[
(b1ke+b2kr)

2−2βb1(b2
1−b2

2)
]
[b1(k2

e+k2
r)+2b2kekr−2β(b2

1−b2
2)]

(A20)

∂pRS∗
e
∂l = − kr(b1ke+b2kr)[kekr(b2

1+b2
2)+b1b2(k2

e+k2
r)−2βb2(b2

1−b2
2)]

4
[
(b1ke+b2kr)

2−2βb1(b2
1−b2

2)
]
[b1(k2

e+k2
r)+2b2kekr−2β(b2

1−b2
2)]

(A21)

∂rRS∗

∂l = − kr(b2
1−b2

2)[kekr(b2
1+b2

2)+b1b2(k2
e+k2

r)−2βb2(b2
1−b2

2)]
2
[
(b1ke+b2kr)

2−2βb1(b2
1−b2

2)
]
[b1(k2

e+k2
r)+2b2kekr−2β(b2

1−b2
2)]

(A22)

For β > β1, we know ke
(
b1ke + b2kr

)
< 2β

(
b2

1 − b2
2
)
. Let βrs = [kekr(b2

1 + b2
2)+

b1b2(k2
e + k2

r )]/[2b2(b2
1 − b2

2)], then we know βrs > β1. According to Equations (A18),
(A19), (A21), and (A22), we know that, if β1 < β ≤ βrs, then ∂mRS∗/∂l > 0, ∂wRS∗/∂l < 0,
∂pRS∗

e /∂l < 0, and ∂rRS∗/∂l < 0; if β > βrs, then ∂mRS∗/∂l < 0, ∂wRS∗/∂l > 0, ∂pRS∗
e /∂l >

0, and ∂rRS∗/∂l > 0. In addition, let βprrs =
(
b1k2

e + 3b2kekr + 2b1k2
r
)
/
[
2
(
b2

1 − b2
2
)]

,
we know βprrs > β1. According to Equation (A20), we know that ∂pRS∗

r /∂l < 0 if
β1 < β ≤ min

{
βrs, βprrs

}
or β > max

{
βrs, βprrs

}
, and that ∂pRS∗

r /∂l > 0 if βrs < β ≤ βprrs
or βprrs < β ≤ βrs. �

Proof of Proposition 5. According to Equations (8)–(12), we can obtain first order deriva-
tives of optimal joint decision policy with respect to parameter t, i.e.,

∂mRS∗

∂t
=

kekr
(
b2

1 + b2
2
)
+ b1b2

(
k2

e + k2
r
)
− 2βb2

(
b2

1 − b2
2
)(

b1ke + b2kr
)2 − 2βb1

(
b2

1 − b2
2
) (A23)

∂wRS∗

∂t
=

βb2
(
b2

1 − b2
2
)(

b1ke + b2kr
)2 − 2βb1

(
b2

1 − b2
2
) (A24)

∂pRS∗
r
∂t

=
kekr

(
b2

1 + b2
2
)
+ b1b2

(
k2

e + k2
r
)
− βb2

(
b2

1 − b2
2
)(

b1ke + b2kr
)2 − 2βb1

(
b2

1 − b2
2
) (A25)
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∂pRS∗
e

∂t
=

(
b1ke + b2kr

)2 − βb1
(
b2

1 − b2
2
)

b1(k2
e + k2

r ) + 2b2kekr − 2β
(
b2

1 − b2
2
) (A26)

∂rRS∗

∂t
=

(
b2

1 − b2
2
)(

b1ke + b2kr
)(

b1ke + b2kr
)2 − 2βb1

(
b2

1 − b2
2
) (A27)

Let βmrs3 =
[
kekr

(
b2

1 + b2
2
)
+ b1b2

(
k2

e + k2
r
)]

/
[
2b2
(
b2

1 − b2
2
)]

, we know β1 < βmrs3 and β >
β1. According to Equation (A23), we know that ∂mRS∗/∂t < 0 if β1 < β ≤ βmrs3, and that
∂mRS∗/∂t > 0 if β > βmrs3. Let βprrs3 =

[
kekr

(
b2

1 + b2
2
)
+ b1b2

(
k2

e + k2
r
)]

/
[
b2
(
b2

1 − b2
2
)]

, we
know β1 < βprrs3 and β > β1. According to Equation (A25), we know that ∂pRS∗

r /∂t < 0 if
β1 < β ≤ βprrs3, and that ∂pRS∗

r /∂t > 0 if β > βprrs3. Let βpers3 =
(
b1ke + b2kr

)2/
[
b1
(
b2

1 − b2
2
)]

,
we know β1 < βpers3 and β > β1. According to Equation (A26), we know that ∂pRS∗

e /∂t < 0
if β1 < β ≤ βpers3, and that ∂pRS∗

e /∂t > 0 if β > βpers3. In addition, according to Equations
(A24) and (A27), we know ∂wRS∗/∂t < 0 and ∂rRS∗/∂t < 0. �

Proof of Theorem 3. According to Model D, we know ∂2πR/∂m2 = −2b1 < 0. By
∂πR/∂m = 0, we can obtain the response function of retailer, i.e.,

m =
αa− b1w + krr + b2(pe − l + t)

2b1
(A28)

By substituting Equation (A28) into manufacturer’s profit function, we can obtain
the converted function πM(w, pe, r). Then we can further obtain Hessian matrix H3 of
πM(w, pe, r) with respect to w, pe, and r, i.e.,

H3 =


∂2πM
∂w2

∂2πM
∂w∂pe

∂2πM
∂w∂r

∂2πM
∂pe∂w

∂2πM
∂p2

e

∂2πM
∂pe∂r

∂2πM
∂r∂w

∂2πM
∂r∂pe

∂2πM
∂r2

 =

 −b1 b2
kr
2

b2
b2

2

b1
− 2b1 ke +

b2kr
2b1

kr
2 ke +

b2kr
2b1

−β

 (A29)

Given β > β1, we know that matrix H3 is negative definite. By ∂πM/∂w = 0,
∂πM/∂pe = 0, and ∂πM/∂r = 0, we can obtain wMS∗, pMS∗

e , and rMS∗. Furthermore, the
optimal mMS∗ can be determined according to Equation (A28). �

Proof of Proposition 6. According to Equations (13)–(17), we can obtain first order deriva-
tives of optimal joint decision policy with respect to parameter α, i.e.,

∂mMS∗

∂α
=

[
(b1ke + b2kr)(kr + ke)− 2β

(
b1

2 − b2
2)]a

2[(b1
2 + b22)kr2 + 2b1ke(b1ke + 2b2kr)− 4βb1(b1

2 − b22)]
(A30)

∂wMS∗

∂α
=

[
(2b1ke + b2kr)(kr + ke)− 4β

(
b1

2 − b1b2
)]

a
2[(b1

2 + b22)kr2 + 2b1ke(b1ke + 2b2kr)− 4βb1(b1
2 − b22)]

(A31)

∂pMS∗
r
∂α

=
a
[
(3b1ke + 2b2kr)(kr + ke)− 2β

(
3b2

1 − 2b1b2 − b2
2)]

2[(b1
2 + b22)kr2 + 2b1ke(b1ke + 2b2kr)− 4βb1(b1

2 − b22)]
(A32)

∂pMS∗
e
∂α

= − [kr(kr + ke)− 4β(b1 − b2)]b1a
2[(b1

2 + b22)kr2 + 2b1ke(b1ke + 2b2kr)− 4βb1(b1
2 − b22)]

(A33)

∂rMS∗

∂α
=

a(b1 − b2)[b1(2ke − kr) + b2kr)]

(b1
2 + b22)kr2 + 2b1ke(b1ke + 2b2kr)− 4βb1(b1

2 − b22)
< 0 (A34)

Let βmms1 = (b1ke + b2kr)(kr + ke)/
[
2
(
b2

1 − b2
2
)]

, then we know β1 < βmms1 and
β > β1. According to Equation (A30), we know that ∂mMS∗/∂α < 0 if β1 < β ≤ βmms1,
and that ∂mMS∗/∂α > 0 if β > βmms1. Let βwms1 = (2b1ke + b2kr)(kr + ke)/

[
4
(
b1

2 − b1b2
)]

,
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then we know β1 < βwms1 and β > β1. According to Equation (A31), we know that
∂wMS∗/∂α < 0 if β1 < β ≤ βwms1, and that ∂wMS∗/∂α > 0 if β > βwms1. Let βprms1 =

(3b1ke + 2b2kr)(kr + ke)/
[
2
(
3b2

1 − 2b1b2 − b2
2)], then we know β1 < βprms1 and β > β1.

According to Equation (A32), we know that ∂pMS∗
r /∂α < 0 if β1 < β ≤ βprms1, and that

∂pMS∗
r /∂α > 0 if β > βprms1. In addition, given β > β1, we know kr(kr + ke) < 4β(b1 − b2).

According to Equations (A33) and (A34), we know that ∂pMS∗
e /∂α < 0 and ∂rMS∗/∂α < 0. �

Proof of Proposition 7. According to Equations (13)–(17), we can determine first order
derivatives of optimal joint decision policy with respect to parameter l, i.e.,

∂mMS∗

∂l
= −

b2
[(

2b1
2 + b2

2)kr
2 + 3b1ke(b1ke + 2b2kr)− 6βb1

(
b1

2 − b2
2)]

2b1[(b1
2 + b22)kr2 + 2b1ke(b1ke + 2b2kr)− 4βb1(b1

2 − b22)]
(A35)

∂wMS∗

∂l
=

b2
[
(2b1ke + b2kr)(b1ke + b2kr)− 4βb1

(
b1

2 − b2
2)]

2b1[(b1
2 + b22)kr2 + 2b1ke(b1ke + 2b2kr)− 4βb1(b1

2 − b22)]
(A36)

∂pMS∗
r
∂l

= −
b2
[
b1
(
2kr

2 + ke
2)+ 3b2krke − 2β

(
b1

2 − b2
2)]

2[(b1
2 + b22)kr2 + 2b1ke(b1ke + 2b2kr)− 4βb1(b1

2 − b22)]
(A37)

∂pMS∗
e
∂l

= − b2kr(b1ke + b2kr)

2[(b1
2 + b22)kr2 + 2b1ke(b1ke + 2b2kr)− 4βb1(b1

2 − b22)]
> 0 (A38)

∂rMS∗

∂l
= − b2kr(b1

2 − b2
2)

(b1
2 + b22)kr2 + 2b1ke(b1ke + 2b2kr)− 4βb1(b1

2 − b22)
> 0 (A39)

Obviously, according to Equations (A38) and (A39), we know that ∂pMS∗
e /∂l > 0

and ∂rMS∗/∂l > 0. Since β > β1, we know that
(
2b1

2 + b2
2)kr

2 + 3b1ke(b1ke + 2b2kr) <
6βb1

(
b1

2 − b2
2), according to Equation (A35), we further know that ∂mMS∗/∂l < 0. In ad-

dition, for β > β1, we can also know that (2b1ke + b2kr)(b1ke + b2kr) < 4βb1
(
b1

2 − b2
2), ac-

cording to Equation (A36), we further know that ∂wMS∗/∂l > 0. Let βprms2

=
[
b1
(
2kr

2 + ke
2)+ 3b2krke

]
/
[
2
(
b1

2 − b2
2)], then we know that β1 < βprms2 and β > β1.

According to Equation (A37), we further know that ∂pMS∗
r /∂l > 0 if β1 < β ≤ βprms2, and

that ∂pMS∗
r /∂l < 0 if β > βmms2. �

Proof of Proposition 8. According to Equations (13)–(17), we can determine first order
derivatives of optimal joint decision policy with respect to parameter t, i.e.,

∂mMS∗

∂t
=

(
b1

2 + 7b2
2)b1kekr + b1

2b2
(
3kr

2 + 4ke
2)+ b2

3kr
2 − 8βb1b2

(
b1

2 − b2
2)

2b1[(b1
2 + b22)kr2 + 2b1ke(b1ke + 2b2kr)− 4βb1(b1

2 − b22)]
(A40)

∂wMS∗

∂t
=

(
b1

2 − b2
2)[kr(2b1ke + b2kr) + 4βb1b2]

2b1[(b1
2 + b22)kr2 + 2b1ke(b1ke + 2b2kr)− 4βb1(b1

2 − b22)]
< 0 (A41)

∂pMS
r

∂t
=

4b1b2
(
kr

2 + ke
2)+ krke

(
3b1

2 + 5b2
2)− 4βb2

(
b1

2 − b2
2)

2[(b1
2 + b22)kr2 + 2b1ke(b1ke + 2b2kr)− 4βb1(b1

2 − b22)]
(A42)

∂pMS∗
e
∂t

=
4(b1ke + b2kr)

2 +
(
b1

2 − b2
2)kr

2 − 4βb1
(
b1

2 − b2
2)

2[(b1
2 + b22)kr2 + 2b1ke(b1ke + 2b2kr)− 4βb1(b1

2 − b22)]
(A43)

∂rMS∗

∂t
=

2(b1
2 − b2

2)(b1ke + b2kr)

(b1
2 + b22)kr2 + 2b1ke(b1ke + 2b2kr)− 4βb1(b1

2 − b22)
< 0 (A44)

Obviously, according to Equations (A41) and (A44), we know that ∂wMS∗/∂t <
0 and ∂rMS∗/∂t < 0. Let βmms3 =

[(
b1

2 + 7b2
2)b1kekr + b1

2b2
(
3kr

2 + 4ke
2)+ b2

3kr
2]/[

8b1b2
(
b1

2 − b2
2)], then we know that β1 < βmms3 and β > β1. According to Equation

(A40), we further know that ∂mMS∗/∂t < 0 if β1 < β ≤ βmms3, and that ∂mMS∗/∂t > 0
if β > βmms3. Let βprms3 =

[
4b1b2

(
kr

2 + ke
2)+ krke

(
3b1

2 + 5b2
2)]/[4b2

(
b1

2 − b2
2)], then
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we know that β1 < βprms3 and β > β1. According to Equation (A42), we further know
that ∂pMS∗

r /∂t < 0 if β1 < β ≤ βprms3, and that ∂pMS∗
r /∂t > 0 if β > βprms3. Let

βpems3 =
[
4(b1ke + b2kr)

2 +
(
b1

2 − b2
2)kr

2
]
/
[
4b1
(
b1

2 − b2
2)], then we know that β1 <

βpems3 and β > β1. According to Equation (A43), we further know that ∂pMS∗
e /∂t < 0 if

β1 < β ≤ βpems3, and that ∂pMS∗
e /∂t > 0 if β > βpems3. �

Proof of Theorem 4. According to Model D, by ∂πRC
M /∂w = 0, we can obtain

w =
cb1 − b2(c + t)− (1 + 2λ)b1m + b2 pe(2 + λ)

2b1(1 + λ)
+

aα + rkr

2b1
(A45)

Furthermore, let pRC∗
e = pCD∗

e , rRC∗ = rCD∗, and pRC∗
r = pCD∗

r , then according to
pRC∗

r = wRC∗ + mRC∗, we can determine

mRC∗ =

{2cλb1 − b2[(2 + λ)l − 2t + cλ]}
[
2β
(
b2

1 − b2
2
)
− b1

(
k2

e + k2
r
)
− 2b2kekr

]
−λb2

{
(c + l)b1k2

e + [(1− α)a + cb2]k2
r − kekr[aα− cb1 − (c + l)b2]− 2aβ[(1− α)b1 + αb2]

}
2b1[2β(b2

1−b2
2)−b1(k2

e+k2
r)−2b2kekr]

(A46)

By substituting Equation (A46) into Equation (A45), we can determine wRC∗. �

Proof of Theorem 5. According to Model E, by ∂πMC
R /∂m = 0, we can obtain

m =
(1− γ)(αa + krr) + b2[(1− γ)pe − l + t] + b1(2γ− 1)w

2(1− γ)b1
(A47)

Let rMC∗ = rCD∗, pMC∗
e = pCD∗

e , and pMC∗
r = pCD∗

r , then we can obtain wMC∗ accord-
ing to pMC∗

r = wMC∗ + mMC∗ and Equation (A47). �
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