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Abstract
The increasing carbon emissions cause severe environmental issues that threaten the sur-
vival of human beings. Such a situation promotes supply chain firms and governments to 
take various measures to achieve the sustainable goal. This paper investigates the cost-
sharing cooperation strategy of emission reductions in a dynamic supply chain consisting 
of a manufacturer and two distinct retailers with different scales. In the presence of carbon 
tax and green reputation, we model a Stackelberg differential game to derive and compare 
the optimal equilibrium decisions and further conduct a numerical study to analyze the 
chain members’ profits between the cases of no cost sharing and cost sharing. The manu-
facturer can actualize this sharing, respectively, with either of the competitive retailers. The 
results show that cost sharing is a better choice for supply chain members than no sharing. 
In the cost-sharing scenario, the manufacturer and two retailers prefer the case in which 
the emission reduction cost that a retailer undertakes is relatively high, because the manu-
facturer can increase emission reduction level to build its green reputation, and thereby the 
retailers can improve profits. When the proportion of emission reduction cost that a retailer 
undertakes locates in a certain interval, all the supply chain participants can be better off in 
the scenario where small-scale retailer shares the emission reduction cost. In addition, the 
increase in carbon tax improves the flexibility of cost-sharing ratio for the members achiev-
ing this consensual scenario on the cost-sharing cooperation.
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1 Introduction

Nowadays, the rapid economic growth has brought a series of sustainable problems, such 
as excessive carbon emissions and environmental pollutions. Carbon emissions cause 
global warming, sea level rising, and soil erosion, thereby threatening the survival of 
human beings and other species (Cao et  al., 2020). For example, the economy of China 
has dramatically developed after taking the initiation of economic reforms in 1978 and 
thus, overtook Japan as the world’s second-largest economy according to the reports by the 
World Bank (Springer et al., 2019). Although China’s GDP per capita is still 25% as that of 
the USA, China has become the largest energy consumer as early as in 2010 and contrib-
uted to 20.3% of the total energy consumption worldwide (Zhang et al., 2017).

A number of countries have begun to take corresponding measures, such as carbon cap-
ping, carbon trading, and carbon tax to cure excess emissions (Wang et al., 2018). Among 
these measures, carbon tax as a worldwide consensus impacts the export and import of 
goods and improves the competitiveness of countries (Kuo et al., 2016), such as Sweden, 
Japan, Norway, Netherlands, Denmark, Finland, and Colombia (Baranzini et  al., 2000; 
Zhou et al., 2019). Several important international conferences such as the Paris Agreement 
and the Kyoto protocol have reached an agreement that encourages firms to reduce carbon 
emissions (Wang et  al., 2018). Meanwhile, the Chinese government has also announced 
at the Paris Agreement in 2015 that the carbon emissions will reach the peak around 2030 
and will take effective measures to lower emissions per unit GDP by 60–65% compared 
with the level in 2005 (Ding et al., 2019). Moreover, the consumer environmental aware-
ness has played an important role on the sales of products. For example, the Conscious 
Consumer Report represents that 51% of Americans are willing to pay more for green 
products and 67% of Americans regard environmental benefit as an important factor before 
purchasing (Zhang et al., 2015). When buying products, 83% of Europeans pay attention to 
the environmental effects, especially carbon footprints (Deng & Liu, 2019). Although the 
price of green product is relatively high, 75% of Europeans decided to purchase them in 
2008 compared to 31% in 2005 (Liu et al., 2012). Owing to regulation pressures and con-
sumer environmental awareness, emission reduction activities exhibit an important effect 
on firms’ decision-makings.

Therefore, firms must invest in emission reduction technologies to manufacture green 
products. In the perspective of consumers, their environmental awareness enhances the 
demand of green products. In the perspective of firms themselves, green products involve 
a higher manufacturing cost but a better green corporate image, green reputation, and ulti-
mately more profits than non-green products (Komarek et al., 2013). Green reputation can 
be considered as the corporate reputation related to the environmental activities taken by 
the firms, and it needs time to establish through its green polices (Pritchard & Wilson, 
2018; Shin & Ki, 2019). Bazillier et al. (2017) used the data from 551 European firms and 
found that green activities can improve the firms’ green image/reputation although these 
firms locate in different countries with weak environmental standards. Meanwhile, Lin 
et al. (2016) found that the negative activities about the environment taken by the firms can 
damage their green reputation. Thus, the environmental activities can affect firms’ green 
image and green reputation. This relationship is further investigated via a game-theory 
model in our study.

In supply chains, competition and cooperation among firms show an important impact 
on their decision-makings. The production process involves multiple links and members. 
For example, Toyota uses its shareholding capital to cooperate with its component supplier 
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Aisin Seiki, and thus, a final product quality depends on the efforts of its own and its part-
ners (Hsieh & Liu, 2010). In addition, cooperation is often used in emission reduction 
activities. Several important factors can impact the emission reduction level in different 
cooperation strategies, and the interaction between the supply chain firms also affects the 
carbon emissions. For example, the suppliers of Walmart can take measures to reduce total 
packaging volume by 5%, thereby resulting in emission reductions (Gao et al., 2018). The 
recent studies of supply chain have also presented an interest in multiple manufacturers 
or retailers. The participation of multiple members in the supply chain cooperation and 
competition also affects the environmental strategies. Klassen and Vachon (2003) found 
that the cooperation can significantly improve the form and level of investment in green 
technologies. What’s more, the cooperation willingness of firms induces the managers of 
upstream firms increase the investments in pollution prevention. Due to abovementioned 
considerations, this study examines the case wherein two competitive retailers cooperate 
with a manufacturer by sharing the emission reduction cost. In the presence of the dynamic 
green reputation and regulation of carbon tax, this study proposes the following questions:

 (i) What are the optimal emission reduction and pricing decision-makings in no-cost-
sharing/cost-sharing setting of the supply chain?

 (ii) How do the supply chain members choose the strategy between no cost sharing and 
cost sharing?

 (iii) How does key parameters of cost sharing affect the equilibrium decision-makings 
and profits of the supply chain members?

 (iv) How does the manufacturer choose the cooperative partner between the retailers to 
share the emission reduction cost? Which partner achieves a better performance?

In particular, the manufacturer as a leader that opts for emission reduction level, and 
two retailers as followers that, respectively, decide their retail prices. We use a differential 
game to model the problem. The main results are summarized as follows. First, the emis-
sion reduction level, green reputation, demands, and retail prices are larger in the cost-
sharing strategy than those in the no-cost-sharing strategy. Second, although the retail price 
is higher, the products show a higher green level and thus, attract more consumers in cost-
sharing strategy than in no-cost-sharing one. Therefore, sharing emission reduction cost 
with the manufacturer is a better choice for the retailers. Third, two thresholds of the cost-
sharing ratio can be found in the case wherein the small-scale retailer cooperates with the 
manufacturer. When the ratio locates between these two thresholds, the profit of each sup-
ply chain member can achieve a Pareto improvement.

The remainder of this paper is organized as follows. Section 2 reviews the related litera-
ture. In Sect. 3, we formulate a differential game model. Section 4 derives and compares 
the equilibrium solutions between no-cost-sharing and cost-sharing strategies. We propose 
a numerical analysis and sensitivity analysis in Sect. 5. Conclusions, limitations, and future 
research directions are finally summarized in Sect. 6.

2  Literature review

We review the related literature to this study from three streams, that is, low-carbon supply 
chain management, green reputation, and competition in low-carbon supply chains.
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2.1  Low‑carbon supply chain management

The environmental issues have impacted the decision-making goals of supply chains, so 
that the chain firms must take measures to lower carbon emissions to pursue the goal of 
sustainability. Numerous studies have focused on the low-carbon supply chain manage-
ment recently. Considering the low-carbon awareness of consumers, Du et al. (2017) exam-
ined a supply chain wherein both the manufacturer and the retailer invest in low-carbon 
efforts. The authors further designed a carbon-related price-discount sharing contract to 
achieve Pareto improvement for the two members. Given that the government intervention 
also plays an important role, most studies simultaneously incorporate low-carbon policies, 
especially the carbon tax policy. For instance, Chen et al. (2020) investigated how to design 
the optimal carbon tax under different power structure in supply chains and pointed out 
that this design highly depends on the power structure and emission reduction efficiency. 
Consequently, the authors claimed that the carbon tax should differ across industry sec-
tors. Besides a carbon cap policy on manufacturers, Wang et al. (2021) examined whether 
to implement carbon tax policy on consumers in supply chains and found that this imple-
mentation may benefit retailers, environment, and overall social welfare. However, this tax 
is unbeneficial for manufacturers. Given that the cooperation can eliminate the financial 
pressure and elevate emission reduction levels, many scholars focused on the cooperation 
in emission reduction activities. One cooperation strategy is sharing the emission reduc-
tion costs. For instance, Yuyin and Jinxi (2018) indicated that this cooperation form can 
improve emission reductions and two chain members’ profit. The authors also found that 
carbon tax policy is more efficient when the initial amount of emissions is low. Another 
strategy is sharing the profits from sales of low-carbon products. For instance, Yang and 
Chen (2018) examined the effect of a retailer offering revenue-sharing and/or cost-shar-
ing schemes on emission reduction efforts of a manufacturer under carbon tax policy and 
found that the government should set the highest tax level in sole revenue-sharing and both 
sharing schemes to improve the manufacturer’s effort incentive.

Note that the above studies focus only on static decision-makings in a sole period. Due 
to that the low-carbon activities can vary according to the market environment, a number 
of scholars concentrate on the dynamic activities. For instance, Dey and Saha (2018) inves-
tigated the impact of a retailer’s procurement strategy in a two-period setting and showed 
that building strategic inventory is beneficial for both economic and environmental per-
formances. In a long-term perspective, Wang et  al. (2019) demonstrated that the manu-
facturer always prefers the farsighted decision-making manner and a high carbon trading 
price and the myopic manufacturer benefits consumers in a cap-and-trade policy. Under the 
same policy, Sun et al. (2020) considered a cooperation scheme in which carbon emissions 
are transferred from the manufacturer to the supplier. The authors established a differential 
equation to depict the lag time of emission reduction technologies and investigated how 
this lag time affects the transfer level and supply chain performance. Xia et al. (2020) con-
sidered social preferences in a supply chain and investigated a cost-sharing scheme, which 
can achieve Pareto improvement but not affect the optimal emission reductions. Yu, Wang, 
et al. (2020) explored the reference emission and cost learning effects between cooperation 
schemes of cost sharing and revenue sharing. The authors pointed out the advantage of rev-
enue sharing and the significant effect of carbon tax on emission reductions.

Following these studies, we investigate the dynamic decision-makings in a supply 
chain and further consider the impact of green reputation, which must be considered in 
a long-term perspective.
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2.2  Green reputation

Reputation, which is alternatively named as goodwill in a proportion of studies, is an 
important factor for firms because a good reputation can improve the competitiveness 
of firms and attract more customers. In supply chain management, a number of studies 
have showed that the behaviors taken by the firms present a closed relationship with their 
own reputation/goodwill. For instance, Zu and Chen (2017), Feng and Liu (2018), and 
Xiang and Xu (2019), respectively, revealed that cooperative advertisement, online word-
of-mouth, and new technology such as “Big Data” can improve the brand reputation and 
enhance the profit in supply chains.

Thereafter, a growing number of studies have shown concerns about the relationship 
between the environmental activities and green reputation. Komarek et al. (2013) investi-
gated how the alternative attributes of energy affect the green reputation of a firm through 
a case study. The results show that the institution’s green reputation can benefit the constit-
uents, and that the choice of the alternative energy can significantly influence its perceived 
green reputation in the future. Ngai et al. (2018) used the case of three Chinese gas opera-
tors to investigate how the corporate social responsibility (CSR) affects the firms’ profit. 
Three investigated firms practice CSR in several regions, such as employees, consumers, 
and investors. The results showed that the practice of CSR leads to better quality products 
and service, loyal consumers, especially positive social image and reputation of the firms. 
Pineiro-Chousa et al. (2017) formulated a model about the environment management and 
reputation risk reports to solve the reputation risk problem and provided a hedging instru-
ment for this risk. In the case of voluntary reporting, the environmental firms can reduce 
the costs and increase the potential profits through reputation. But in the case of mandatory 
reporting, the assurance firms have a key role in bad reputation. Science and technology 
related to reputation, such as the blockchain technology and Industry 4.0, are also regarded 
as key factors studied in the literature. For instance, Khaqqi et al. (2018) formulated a new 
Emission Trading Scheme (ETS) model based on the industry 4.0 to solve the management 
and fraud issues through blockchain technology. They examined how a reputation system 
affects the ETS efficiency and revealed that this ETS model can improve the reputation. 
Other case studies (Scholtens & Kleinsmann, 2011; Yang et al., 2016) further verify the 
relationship between the green reputation and environmental activities. However, using a 
differential game framework to analysis this relationship is still lacking. To our best knowl-
edge, the sole study is conducted by Liang and Futou (2020), who modeled this relation-
ship by assuming that a manufacturer’s emission reduction level and a retailer’s reputation 
publicity level affect the green reputation. In this study, we further consider this relation-
ship by incorporating competitive retailers in a supply chain.

2.3  Competition in low‑carbon supply chains

Due to the complex business environment, competition always arises between similar 
firms. This research issue in low-carbon supply chains has also attracted a number of schol-
ars. For instance, Yang et  al. (2017) considered the emission reduction decisions in two 
competitive supply chains composed of one manufacturer and one retailer under the cap 
and trade scheme. The results show that the vertical cooperation improves the emission 
reduction level and reduces the retail price, but the horizontal cooperation leads to low 
profits of retailers. Meanwhile, the revenue sharing contract can solve the above problem 
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and thus, lead to a win–win situation for supply chain members, and benefit the environ-
ment with a higher emission reduction level. In an identical supply chain structure, Yu, 
Shang, et al. (2020) further investigated the impact of carbon tax on the two supply chains’ 
centralized strategy and pointed out that decentralized strategy can simultaneously ben-
efit manufacturers, consumer surplus and social welfare under certain conditions. In the 
case of competitive retailers in a supply chain, Hosseini-Motlagh et al. (2019) proposed a 
three-party compensation-based scheme to improve the entire supply chain’s performances 
regarding profit and environment. Yu and Cao (2020) further considered the competition 
between incumbent and entrant retailers and examined how the cooperation of information 
sharing strategy affects the carbon emissions. In a supply chain setting with two competi-
tive manufacturers, Giri et al. (2019) investigated impact of the government’s carbon tax 
and subsidy on the strategies of competition and cooperation in the supply chain. In the 
same supply chain structure, Liu et al. (2020) indicated that emission reduction investment 
of one manufacturer can benefit both itself and the competitor. In a co-opetition supply 
chain wherein a upstream manufacturer supplies core component to a downstream manu-
facturer, Zhang et al. (2021) compared the scenarios of none/either/both of manufacturers 
product a low-carbon product and demonstrated that a high carbon tax rate will induce the 
manufacturers to adopt the strategy of producing a low-carbon product.

The study of competition in the above literature is of static model adoption. Using a 
dynamic modeling method to investigate the competition in low-carbon supply chains is 
lacking. Wherein, Cheng and Ding (2021) considered a competition between two chains 
and the effect of corporate social responsibility on reputation. In a similar modeling 
method, our study explores the competition between two retailers in a supply chain by 
incorporating the impact of emission reduction activity on green reputation.

2.4  Research gap and this paper’s contribution

The above review on literature has demonstrated that few study uses a differential game 
framework to reveal the effects of green reputation and competition on decision-makings 
in supply chains. Although Liang and Futou (2020) explored the effect of emission reduc-
tion activities on green reputation and used this framework to study the emission reduction 
activity in a supply chain, they did not consider the pricing decision-making and competi-
tion in supply chains. In contrast, our study incorporates pricing and emission reduction 
decision-makings and investigates the competition between two retailers. Cheng and Ding 
(2021) used this framework to examine the competition between two supply chains. How-
ever, the authors considered the effect of corporate social responsibility but not emission 
reduction activity on reputation. Another different with Cheng and Ding (2021) is that we 
consider the competition between two retailers in one supply chain. Moreover, these two 
studies considered none of low-carbon policies. Whereas, we examined the influence of 
carbon tax policy.

In summary, the main contributions of this study are fourfold. First, according to the 
previous empirical studies about the relationship between emission reduction and green 
reputation, we formulate a differential game model to demonstrate the effect of green repu-
tation on pricing and emission reduction decision-makings, and performance of members 
in a supply chain. Second, we investigate the emission reduction cost sharing in a dynamic 
setting of low-carbon supply chain and thus, contribute to the theory of supply chain coop-
eration. Third, this study simultaneously considers the competition between two retailers 
with different scales. Both the consideration of competition and cooperation yields certain 
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meaningful insights. Therefore, this study can guide the firms to deal with decision-making 
problems in such a complex supply chain structure. Fourth, we also examine the influence 
of carbon tax policy and thus, provide suggestions for the government’s policy-makers.

3  Model formulation

In this section, we consider a two-echelon supply chain system consisting of a manufac-
turer and two competitive retailers with distinct scales. The manufacturer produces and 
sells a product to consumers through two retailers. We use the subscripts “ m ”, “ r1 ” and 
“ r2 ” to denote the manufacturer, large-scale retailer, and small-scale retailer, respectively. 
The event sequence is described as follows. First, the manufacturer decides an emission 
reduction level �(t) in production process. Subsequently, the retailers, respectively, opt for 
their retail price pr1 (t) and pr2 (t) as a reaction. Thus, a Stackelberg differential game occurs 
between the leading manufacturer and the following retailers. We also consider two strate-
gies in this study. In no-cost-sharing strategy, the manufacturer bears the entire emission 
reduction cost. In cost-sharing strategy, either of the retailers cooperates with the manufac-
turer and shares a proportion of the emission reduction cost. We use the superscript “ N ” 
and “ C ” signify the no-cost-sharing and cost-sharing strategies.

We define G(t) as the green reputation of the manufacturer, which can be affected by the 
environmental activities. Under the increased environmental pressure, this study considers 
how the effort in emission reduction to improve the green reputation. Following previous 
studies (Huang et al., 2018; Nerlove & Arrow, 1962; Zhang et al., 2017), and other similar 
influence factors, the dynamics of the green reputation can be formulated below:

where 𝜃 > 0 represents an effect parameter of the emission reduction level on green repu-
tation, 𝛿 > 0 reflects the decay rate of the green reputation stock over time, and G0 > 0 
denotes the initial stock at time t = 0.

The market demand of either retailer is simultaneously affected by its own retail price, 
the competing retailer’s retail price, and the green reputation. The demand functions in our 
study are similar to the previous related literature (Huang et al., 2018; Wang et al., 2019; 
Zhang et al., 2018) and expressed as:

where 𝛼1 > 𝛼2 > 0 represent the effect of green reputation level on current demands of the 
retailers. Different amount of �1 and �2 reflects the scales of the retailers. That is, the green 
reputation represents a greater impact on the demand of large-scale retailer than that of 
small-scale retailer. Meanwhile, 𝛽 > 0 denotes the effect of retail price on current demand. 
The coefficient 𝛾 > 0 represents the competitive intensity in terms of the retailers’ retail 
prices. Equation (2) describes that the demand of retailer i decreases as its own retail price 
increases, but increases as its competitor’s retail price increases. Naturally, we set � ≥ � , 
and the effect parameter of green reputation level on demand should be high enough to 
ensure that Dri

 is always positive.
Given that the government imposes taxes based on carbon emissions and the manufacturer 

takes activities to reduce emissions, the total cost includes two parts: one is emission reduction 
and the other is carbon tax. In accordance with previous literature (Wang et al., 2019; Xu & 

(1)Ġ(t) = 𝜃𝜏(t) − 𝛿G(t),G(0) = G0

(2)Dri
(t) = �iG(t) − �pri (t) + �

(
pr3−i (t) − pri (t)

)
, i = 1, 2
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Wang, 2018; Yuyin & Jinxi, 2018), as shown in Eq. (3), the emission reduction cost is a quad-
ratic function with respect to emission reduction level.

where k > 0 is a cost coefficient related to emission reduction level. Equation (3) implies an 
increasing marginal cost in relation to emission reduction level. The cost of carbon tax is 
s(1 − �(t))E0 ⋅ (Dr1

(t) + Dr2
(t)) , where s denotes the unit carbon tax set by the government, 

and E0 is initial carbon emissions of unit product. Thus, (1 − �(t))E0 ⋅ (Dr1
(t) + Dr2

(t)) rep-
resents the actual carbon emissions after taking emission reduction activities.

Price discrimination is widespread in real-life marketing. Pigou and Aslanbeigui (2017) 
argued that price discrimination is a price difference, which refers to that manufacturer pro-
vides goods or services of the same grade and quality to different retailers with different price. 
The pricing decision in the first-degree price discrimination is based on the retailer’s detailed 
information, such as scale and sales ability. Based on Price discrimination, some scholars 
studied the effect of selling a product at different wholesale prices to different retailers on 
the equilibrium strategies, that is, discriminatory wholesale price strategy (DWPS). De Gio-
vanni (2018) used the case of battery recycling to study DWPS in a supply chain consisting of 
two competing retailers. Tm and Mahanty (2020) investigated the impact of wholesale price 
discrimination by a manufacturer based on its offline and online channel preference. Thus, 
DWPS has been considered in supply chain literature, following which, this study supposes 
the manufacturer providing a lower wholesale price for large-scale retailer than the small-scale 
retailer, i.e., wr1

< wr2
.

3.1  No‑cost‑sharing strategy

Assuming an infinite time horizon and a discount rate 𝜌 > 0 , the objective functional of the 
manufacturer in no-cost-sharing strategy is expressed as

and the objective functionals of the retailers in this strategy are showed as follows:

By simultaneously considering the dynamic relationships (1), (2), (3), (4), (5), this paper 
presents the differential game between the supply chain players in no-cost-sharing strategy as 
follows:

(3)C(�) =
k

2
�2

(4)

JN
m
=

∞

∫
0

e−�t
(
wr1

⋅ DN
r1
(t) + wr2

⋅ DN
r2
(t) − s

(
1 − �N(t)

)
E0 ⋅

(
DN

r1
(t) + DN

r2
(t)
)
−

k

2
�N

2
(t)
)
dt

(5)JN
ri
=

∞

∫
0

e−�t
((

pN
r1
(t) − wr1

)
⋅ DN

r1
(t)
)
dt, i = 1, 2

(6a)

max
�N (⋅)

∞

∫
0

e−�t

⎛⎜⎜⎜⎝

wr1
⋅

�
�1G

N(t) − (� + �)pN
r1
(t) + �pN

r2
(t)
�
+ wr2

⋅

�
�2G

N(t) − (� + �)pN
r2
(t) + �pN

r1
(t)
�

−s
�
1 − �N(t)

�
E0 ⋅ (

�
�1 + �2

�
GN(t) − �

�
pN
r1
(t) + pN

r2
(t)
�
−

k

2
�N

2
(t)

⎞⎟⎟⎟⎠
dt
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In Eqs. (6a)–(6c), the game among the manufacturer and two retailers involves three 
control variables, i.e., �N(t) , pN

ri
(t), i = 1, 2 , as well as one state variable, i.e., GN(t).

3.2  Cost‑sharing strategy

Cost-sharing strategy considers the situation that either of the retailers bears a part of 
emission reduction cost. If the retailer i does, the objective functional of the manufac-
turer is expressed as

where � represents the proportion of emission reduction cost that the retailer undertakes. 
Consequently, the objective functional of the retailer i is given by

The objective functional of its competitive retailer is expressed as follows:

Thus, the differential game between the supply chain players in cost-sharing strat-
egy is modeled as follows:

(6b)max
pN
ri
(⋅)

∞

∫
0

e−�t
((

pN
ri
(t) − wri

)
⋅ (�iG

N(t) − (� + �)pN
ri
(t) + �pN

r3−i
(t))

)
dt, i = 1, 2

(6c)s.t. ĠN(t) = 𝜃𝜏N(t) − 𝛿GN(t),G(0) = G0

(7)

JC
m
=

∞

∫
0

e−�t
(
wr1

⋅ DC
r1
(t) + wr2

⋅ DC
r2
(t) − s

(
1 − �C(t)

)
E0 ⋅

(
DC

r1
(t) + DC

r2
(t)
)
− (1 − �)

k

2
�C

2
(t)
)
dt

(8)JC
ri
=

∞

∫
0

e−�t
((

pC
ri
(t) − wri

)
⋅ DC

ri
(t) − �

k

2
�C

2
(t)
)
dt, i = 1, 2

(9)JC
r3−i

=

∞

∫
0

e−�t
((

pC
r3−i

(t) − wr3−i

)
⋅ DC

r3−i
(t)
)
dt, i = 1, 2

(10a)

max
�C(⋅)

∞

∫
0

e−�t

⎛⎜⎜⎜⎝

wr1
⋅

�
�1G

C(t) − (� + �)pC
r1
(t) + �pC

r2
(t)
�
+ wr2

⋅

�
�2G

C(t) − (� + �)pC
r2
(t) + �pC

r1
(t)
�

−s
�
1 − �C(t)

�
E0 ⋅ (

�
�1 + �2

�
GC(t) − �

�
pC
r1
(t) + pC

r2
(t)
�
− (1 − �)

k

2
�C

2
(t)

⎞
⎟⎟⎟⎠
dt

(10b)

max
pC
ri
(⋅)

∞

∫
0

e−�t

((
pC
ri
(t) − wri

)
⋅

(
�iG

C(t) − (� + �)pC
ri
(t)

+�pC
r3−i

(t)

)
− �

k

2
�C

2
(t)

)
dt, i = 1, 2

(10c)

max
pC
r3−i

(⋅)

∞

∫
0

e−�t
((

pC
r3−i

(t) − wr3−i

)
⋅ (�3−iG

C(t) − (� + �)pC
r3−i

(t) + �pC
ri
(t))

)
dt, i = 1, 2
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In Eqs.  (10a)–(10d), the game among the manufacturer and the retailers in cost-
sharing strategy is similar to that in no-cost-sharing strategy, thereby involving the 
same control variables and state variable. To improve readability, the notations used in 
the model formulation are listed in Table 1.

4  Equilibrium solutions

This section successively derives the equilibrium solutions in the two strategies. We 
define the variable substitutions Δ1,Δ2,A1 − A7,X1,X2, Y1 , and Z1 in "Appendix B" to 
simplify the expression of the model.

4.1  No‑cost‑sharing strategy

The optimal control problem of no-cost-sharing strategy is showed in Eqs.  (6a)–(6c). 
In this game, the leading manufacturer initially decides �(t) , and the competitive retail-
ers react to determine their retail prices pr1 (t) and pr2 (t) . Using backward induction, we 

(10d)s.t. ĠC(t) = 𝜃𝜏C(t) − 𝛿GC(t),G(0) = G0

Table 1  Notations

wr
1

Manufacturer’s marginal revenue set for the large-scale retailer
wr

2
Manufacturer’s marginal revenue set for the small-scale retailer

�(t) Manufacturer’s emission reduction level at time t
pr

1
(t) Large-scale retailer’s retail price at time t

pr
2
(t) Small-scale retailer’s retail price at time t

G(t) Green reputation at time t
Dr

1
(t) Demand of the large-scale retailer at time t

Dr
2
(t) Demand of the small-scale retailer at time t

𝜃 > 0 Effect of emission reduction level on green reputation
𝛿 > 0 Decay rate of green reputation level
𝛼i > 0 Effect of green reputation level on demand
𝛽 > 0 Effect of retail price on demand
𝛾 > 0 Competitive intensity of the retailers’ retail prices
C(�) Emission reduction cost of the manufacturer
k > 0 Cost coefficient related to emission reduction
𝜌 > 0 Discount rate
0 < 𝜑 < 1 Proportion of emission reduction cost that the retailer undertakes
E
0

Initial carbon emissions of unit product
s Unit carbon tax
Jm Manufacturer’s profit
Jr

1
Large-scale retailer’s profit

Jr
2

Small-scale retailer’s profit
N Superscript that is used to denote no-cost-sharing strategy
C Superscript that is used to denote cost-sharing strategy
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initially solve the retailers’ problems to obtain their optimal retail prices. Afterward, the 
manufacturer’s problem is solved based on the pricing strategy of the retailer. The equi-
librium solutions for supply chain players are presented in Proposition 1.

Proposition 1. In the no-cost-sharing strategy, the optimal retail price of the retailers and 
emission reduction level of the manufacturer are given by

Proposition 1 indicates that the equilibrium retail prices and emission reduction level 
are linear and monotonically increasing with respect to the state variable, i.e., the green 
reputation. When the green reputation increases, the manufacturer and the retailers 
can increase emission reduction level and retail prices, respectively, to get additional 
benefits.

Proposition 2. In the no-cost-sharing strategy, the trajectories of the equilibrium emission 
reduction level and retail prices are given by

and the trajectories of the green reputation level and the demands are provided by

where GN
∞

 , �N
∞

,pN
ri∞
, i = 1, 2 , and DN

ri∞
, i = 1, 2, are also shown in "Appendix B" to simplify 

the expression of the model.

Proposition 2 shows that if Δ1−k(2𝛽+𝛾)𝜌

2k(2𝛽+𝛾)
> 0 , the green reputation GN(t) , the retail 

prices pN
r1
(t), i = 1, 2 , the emission reduction level �N(t) , and the demands DN

r1
(t), i = 1, 2 

can converge to their own steady states GN
∞

 , pN
ri∞
, i = 1, 2 , � I

∞
 , and DN

ri∞
, i = 1, 2 , when 

t → ∞.

Proposition 3. According to the relationship of the initial green reputation G0 and the 
steady-state green reputation GN

∞
, we provide the pricing and emission reduction strategies 

in the no-cost-sharing strategy as follows:

(11)pN
ri
(G) =

2(� + �)�i + ��3−i

4(� + �)2 − �2
G +

2(� + �)2wri
+ �(� + �)wr3−i

4(� + �)2 − �2
, i = 1, 2

(12)

�N(G) =
k(2� + �)(� + 2�) − Δ1

2k�(2� + �)
G +

2�A1

k
[
k(2� + �)� + Δ1

] − sE0�(� + �)
(
wr1

+ wr2

)

k(2� + �)

(13)�N(t) =
k(2� + �)(� + 2�) − Δ1

2k�(2� + �)

(
G0 − GN

∞

)
e
−

Δ1−k(2�+�)�

2k(2�+�)
t
+ �N

∞

(14)pN
ri
(t) =

2(� + �)�i + ��3−i

4(� + �)2 − �2

(
G0 − GN

∞

)
e
−

Δ1−k(2�+�)�

2k(2�+�)
t
+ pN

ri∞
, i = 1, 2

(15)GN(t) =
(
G0 − GN

∞

)
e
−

Δ1−k(2�+�)�

2k(2�+�)
t
+ GN

∞

(16)DN
ri
(t) =

2(� + �)2�i + �(� + �)�3−i

4(� + �)2 − �2

(
G0 − GN

∞

)
e
−

Δ1−k(2�+�)�

2k(2�+�)
t
+ DN

ri∞
, i = 1, 2
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(1) If G0 > GN
∞

, then the retailers adopt the skimming pricing strategy and the manufacturer 
employs the penetration emission reduction strategy;

(2) If G0< GN
∞

, then the retailers adopt the penetration pricing strategy and the manufac-
turer employs the skimming emission reduction strategy.

Proposition 3 demonstrates that if the initial green reputation is higher (lower) than 
the steady-state green reputation, then the retail price is monotonically decreasing 
(increasing), thereby indicating the adoption of a skimming (penetration) pricing strat-
egy. For the manufacturer, Eq. (13) shows that the emission reduction level monotoni-
cally increases (decreases) over time if the initial green reputation is higher (lower) than 
the steady-state green reputation, thereby indicating the adoption of a penetration (skim-
ming) emission reduction strategy. Note that the retailers and the manufacturer provide 
a reverse strategy. If the retailers’ pricing strategy negatively affects the demand, the 
manufacturer must employ a positive emission reduction activity that can enhance the 
demand.

In Corollary 4, we compare the two retailers’ steady-state retail prices and demands. 
The corresponding results show that there exist two thresholds with respect to 

wri
−wr3−i

�i−�3−i
 . 

If this item is above (below) the first threshold, i.e., GN
∞

�+�
 , the retailer i ’s steady-state 

retail price is higher (lower) than its competitor’s steady-state retail price. If this item is 
above (below) the second threshold, i.e., GN

∞

�+2�
 , the retailer i ’s steady-state demand is 

lower (higher) than its competitor’s steady-state demand. Note that these two thresholds 
are difference. This is because the demand is also affected by the manufacturer’s emis-
sion reduction strategy.

Corollary 4. The comparative steady-state retail prices and demands in no-cost-sharing 
strategy are satisfied with the following conditions:

(1) If
wri

−wr3−i

𝛼i−𝛼3−i
>

GN
∞

𝛽+𝛾
, then the retailer i’s steady-state retail price is higher than its com-

petitor’s steady-state retail price, i.e., pN
ri∞

> pN
r3−i∞

; if 
wri

−wr3−i

𝛼i−𝛼3−i
<

GN
∞

𝛽+𝛾
, then the retailer 

i’s steady-state retail price is lower than its competitor’s steady-state retail price, i.e., 
pN
ri∞

< pN
r3−i∞

;
(2) If 

wri
−wr3−i

𝛼i−𝛼3−i
<

GN
∞

𝛽+2𝛾
, then the retailer i’s steady-state demand is higher than its competi-

tor’s steady-state demand, i.e., DN
ri∞

> DN
r3−i∞

; if 
wri

−wr3−i

𝛼i−𝛼3−i
>

GN
∞

𝛽+2𝛾
, then the retailer i’s 

steady-state demand is lower than its competitor’s steady-state demand, i.e., 
DN

ri∞
< DN

r3−i∞
.

4.2  Cost‑sharing strategy

The optimal control problem of cost-sharing strategy is showed in Eqs.  (10a)–(10d). 
The event sequence in this strategy is similar with that in no-cost-sharing strategy. 
The different is that the retailer i cooperates with the manufacturer by undertaking a 
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proportion of the emission reduction cost in cost-sharing strategy. The equilibrium solu-
tions for supply chain members are presented in Proposition 5.

Proposition 5. In the cost-sharing strategy, the optimal retail prices of the retailers and 
emission reduction level of the manufacturer are given by

Proposition 5 is similar with the results as shown in the no-cost-sharing strategy. The 
equilibrium retail prices and emission reduction level increase as the green reputation 
level increases. Thus, the retailers have a certain incentive to increase retail prices to earn 
extra profit. The manufacturer may intend to increase emission reduction level to enhance 
demand due to the consumers’ preference for green products.

Corollary 6. Given that 𝛼1 > 𝛼2, we can obtain 
(
pN
r1
(G)

)�

>

(
pN
r2
(G)

)�

 and (
pC
r1
(G)

)�

>

(
pC
r2
(G)

)�

, which imply that the green reputation level exhibits a greater effect 
on the large-scale retailer’s retail price than the small-scale retailer’s retail price in the 
both Strategies.

Corollary 6 reveals that the impact of green reputation level on the retail price depends 
on the parameter �i . This parameter reflects the scale of two retailers. The large-scale 
retailer can earn a larger profit by increasing the green reputation than the small-scale 
retailer due to the impact of �i.

Proposition 7. In the cost-sharing strategy, the trajectories of the equilibrium emission 
reduction level and retail prices are provided by

and the trajectories of the green reputation and the demands of the retailers are given by

where GC
∞

 , �C
∞

,pC
ri∞
, i = 1, 2, and DC

ri∞
, i = 1, 2, are also shown in "Appendix B".

(17)pC
ri
(G) =

2(� + �)�i + ��3−i

4(� + �)2 − �2
G +

2(� + �)2wri
+ �(� + �)wr3−i

4(� + �)2 − �2
, i = 1, 2

(18)

�C(G) =
k(2� + �)(� + 2�) − Δ2

2k�(2� + �)
G +

2�A4

k(1 − �)
[
k(2� + �)� + Δ2

] − sE0�(� + �)
(
wr1

+ wr2

)

k(1 − �)(2� + �)

(19)�C(t) =
k(2� + �)(� + 2�) − Δ2

2k�(2� + �)

(
G0 − GC

∞

)
e
−

Δ2−k(2�+�)�

2k(2�+�)
t
+ �C

∞

(20)pC
ri
(t) =

2(� + �)�i + ��3−i

4(� + �)2 − �2

(
G0 − GC

∞

)
e
−

Δ2−k(2�+�)�

2k(2�+�)
t
+ pC

ri∞
, i = 1, 2

(21)GC(t) =
(
G0 − GC

∞

)
e
−

Δ2−k(2�+�)�

2k(2�+�)
t
+ GC

∞

(22)DC
ri
(t) =

2(� + �)2�i + �(� + �)�3−i

4(� + �)2 − �2

(
G0 − GC

∞

)
e
−

Δ2−k(2�+�)�

2k(2�+�)
t
+ DC

ri∞
, i = 1, 2
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Similar to Proposition 2, in the cost-sharing strategy, the green reputation level, the 
retail prices, the emission reduction level, and the demands can converge to their steady 
states when t → ∞ . Meanwhile, two retailers can choose a skimming or penetration pric-
ing strategy, and the manufacturer can adopt either a skimming or a penetration emission 
reduction strategy. The corresponding results are shown in Proposition 8.

Proposition 8. According to the relationship between the initial green reputation level G0 
and the steady-state green reputation level GC

∞
, we provide the pricing and emission reduc-

tion strategies in the cost-sharing strategy as follows:

(1) If G0 > GC
∞

, then the retailers adopt the skimming pricing strategy and the manufacturer 
employs the penetration emission reduction strategy;

(2) If G0< GC
∞

, then the two retailers select the penetration pricing strategy and the manu-
facturer employs the skimming emission reduction strategy.

Proposition 8 demonstrates that the adoption of a skimming or penetration pricing 
strategy by the retailers depends on the relationship between the initial green reputa-
tion level and the steady-state one. The manufacturer’s decision on skimming or pen-
etration emission reduction strategy also depends on this relationship.

Corollary 9 compares the retailers’ steady-state retail prices and demands in the 
cost-sharing strategy. The corresponding results are similar to Corollary 4. Two thresh-
olds can also be found and equal the steady-state prices and demands, respectively.

Corollary 9. In the cost-sharing strategy, the comparative steady-state retail prices and 
demands are satisfied with the following conditions:

(1) If 
wr1

−wr2

𝛼1−𝛼2
>

GC
∞

𝛽+𝛾
, then the large-scale retailer’s steady-state retail price is higher than 

the small-scale retailer’s steady-state retail price, i.e., pC
r1∞

> pC
r2∞

, if 
wr1

−wr2

𝛼1−𝛼2
<

GC
∞

𝛽+𝛾
, then 

the large-scale retailer’s steady-state retail price is lower than the small-scale retailer’s 
steady-state retail price, i.e., pC

r1∞
< p

C

r2∞
;

(2) If 
wr1

−wr2

𝛼1−𝛼2
<

GC
∞

𝛽+2𝛾
, then the large-scale retailer’s steady-state demand is higher than the 

small-scale retailer’s steady-state demand, i.e., DC
r1∞

> DC
r2∞

; if 
wr1

−wr2

𝛼1−𝛼2
>

GC
∞

𝛽+2𝛾
, then the 

large-scale retailer’s steady-state demand is lower than the small-scale retailer’s 
steady-state demand, i.e., DC

r1∞
< DC

r2∞
.

Corollary 10 compares the steady-state strategies between no-cost-sharing and cost-
sharing strategies. These results illustrate that the steady-state green reputation, emis-
sion reduction level, retail prices and demands in the cost-sharing strategy are higher 
than those in the no-cost-sharing strategy. This finding reveals that when a retailer 
cooperates with the manufacturer on emission reduction cost sharing, although the 
retail price is relatively high and which is undesirable for consumers, other solutions 
are all improved. Thus, cost-sharing cooperation in the supply chain is a good choice 
for chain members in some extent. In the following section, we will further study the 
impact of this cooperation via a numerical example.
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Corollary 10. The comparisons of steady-state green reputations, emission reduction lev-
els, retail prices and demands between no-cost-sharing and cost-sharing strategies are 
GN

∞
< GC

∞
, 𝜏N

∞
< 𝜏C

∞
, pN

ri∞
< pC

ri∞
, i = 1, 2, and DN

ri∞
< DC

ri∞
, i = 1, 2

5  Numerical analysis

This section provides a numerical analysis, which mainly concentrates on the comparison 
between the cases wherein two competitive retailers, respectively, cooperate with the man-
ufacturer on cost sharing. It can provide suggestions for supply chain members on how to 
cooperate and demonstrate what these cases differ.

As we mentioned in the model formulation, the large-scale retailer involves a lower 
wholesale price than the small-scale one. In addition to the inherent difference of whole-
sale price, we also suppose that the cost-sharing retailer can obtain an additional procure-
ment discount w0 as a reward. The value of w0 is proportionally related to cost-sharing 
ratio, i.e., w0 = wri

∗ �.
To begin with, the benchmark values of parameters in the model are provided below:
Demand parameters: �1 = 1.1 , �2 = 1 , � = 0.7 , � = 0.3;
Proportion of emission reduction cost that retailer undertakes:� = 0.3;
Manufacturer’s marginal revenues:wr1

= 0.45 , wr2
= 0.5;

Cost coefficient of emission reductions: k = 4;
Green reputation parameters: � = 1 , � = 0.4 , G0 = 5;
Emission parameters: E0 = 0.2 , s = 0.5;
Discount rate: � = 0.1.
The above values are referred from previous studies about low-carbon supply chains 

(Huang et al., 2018; Wang et al., 2019).
We first investigate the effect of � on steady-state solutions and profits. Then, we pro-

vide sensitivity analysis of the other two key parameters, i.e., � and s.

5.1  Effect of ' on steady‑state solutions

The sharing ratio of emission reduction cost, i.e., � , plays an important role on decision-
makings and state variable in the supply chain, as depicted in Figs. 1a–d.

As shown in Fig. 1a, with the increase of � , regardless of cooperative partner, the manu-
facturer will increase emission reduction level. When the emission reduction cost is shared 
by a retailer, the manufacturer can exert additional effort on emission reduction without the 
increase in effort cost. Consequently, a higher � leads to greener products, attracts more 
consumers and thus, achieves a higher profit. Meanwhile, this figure also shows that the 
emission reduction level is higher when emission reduction cost is shared by the small-
scale retailer than the case when the cost is shared by the large-scale retailer. The reason is 
that the manufacturer provides a lower procurement discount to the cooperative small-scale 
retailer and hence obtains a fund to exert more effort on emission reductions than that to 
the large-scale retailer. The trend of green reputation affected by � in Fig. 1b is similar to 
that in Fig. 1a. This implies that the green reputation closely related with the environmen-
tal activities taken by the supply chain.
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As shown in Fig. 1c, with the increase of � , regardless of cooperative partner, the 
demands of two retailers will increase. This is because if the retailer shares the emission 
reduction cost, the manufacturer will produce lower-carbon products to attract more 
consumers, thereby leading to the demand of retailer who shares the emission reduc-
tion cost with the manufacturer increasing. Meanwhile, the demand of no-cost-sharing 
retailer also increases because of the free-riding phenomenon. This figure also demon-
strates that the demand of the cost-sharing retailer is always higher than the demand of 
its competitor. The reason is that the cost-sharing retailer can obtain a larger procure-
ment discount and set a lower retail price than its competitor does.

Figure 1d shows that the retail price of the cost-sharing retailer first decreases and 
then increases with � . The reason is that if the retailer undertakes little fraction of emis-
sion reduction cost, the resulting increase in green reputation cannot boost an enough 
demand. Thus, the cost-sharing retailer must further set a low retail price in some extent 
to attract more consumers for profit-seeking. However, if � is high enough, the effect 
of resulting green reputation is sufficient for profit-seeking and hence, the cost-sharing 
retailer can raise the price as � increases. Meanwhile, the retail price of no-cost-shar-
ing retailer always increases with � . This trend results from the free-ride phenomenon. 
What is more, if the retailer cooperates with the manufacturer on cost sharing, the retail 
price of itself is higher (lower) than the retail price of its competitor when � is relatively 
low (high). The reason is also of the double-edge sword of cooperation. A low � leads 

(a) Effect on emission reduction level (b) Effect on green reputation

(c) Effect on demand (d) Effect on retail price

Fig. 1  Effect of � on steady-state solutions
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to the cost factor dominating the demand-boosting factor, and hence, the cost-sharing 
retailer will adopt a relatively-high price strategy to offset the cost and neglect its com-
petitor; a high � leads to the demand-boosting factor being of dominant and hence, 
the cost-sharing retailer can set a relative-low price regarding the price competition. 
This trend also provides useful conclusions for consumers. When � is relatively low 
(high), consumers prefer to buy products from the no-cost-sharing retailer (cost-sharing 
retailer). Finally, we can find that when 0.13 < 𝜑 < 0.15 , consumers always benefit from 
buying products from a large-scale retailer regardless of which retailer cooperates with 
the manufacturer on cost sharing.

5.2  Effect of ' on profits

This subsection investigates how � affects the profits. First, we analyze the effect on man-
ufacturer’s profit, as shown in Fig.  2a. Regardless of which retailer cooperates with the 
manufacturer on cost sharing, the manufacturer’s profit always increases with � . If retailer 
undertakes part of the emission reduction cost, the manufacturer can produce greener prod-
ucts, thereby resulting in the increase in demand. Thus, a relatively high cost-sharing ratio 
benefits the manufacturer. Moreover, Fig.  2a demonstrates that the manufacturer’s profit 
is higher when cooperating with the small-scale retailer than with the large-scale retailer. 
This phenomenon is caused by two reasons. First, the manufacturer provides a relatively 
low procurement price to the large-scale retailer, and it further provides an additional dis-
count in cost-sharing strategy. When cooperating with the small-scale retailer, the overall 
procurement price is higher than that if cooperating with the large-scale retailer. Second, 
the total demand is higher in the case of cooperating with the small-scale retailer than the 
case of cooperating with the large-scale retailer.

As shown in Fig. 2b, two � thresholds can be found. First, if 𝜑 < 0.17 , the profits of 
retailers when they choose to cooperate with the manufacturer on cost sharing are higher 
than the counterparts in the case of their competitors sharing the emission reduction costs. 
The reason is that when 𝜑 < 0.17 , the increase in retailer’s cost is relatively low in the case 
of itself cooperating with the manufacturer, and this cost increase can be offset by the rela-
tively high demand and retail price, as shown in Figs. 1c and d. Second, if 𝜑 > 0.25 , the 
profits of retailers when their competitors choose to share the cost with the manufacturer 

(a) Manufacturer’s profit (b) Retailers’ profits 

Fig. 2  Effect of � on profits
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are higher than the counterparts when they share the cost with the manufacturer. The 
reason is that when the emission reduction cost that shared by the retailers is relatively 
high, the increased costs lead to the decrease in profits. While the no-cost-sharing retailer 
obtains a free-riding to make its own profit increase. Moreover, if 0.17 < 𝜑 < 0.25 , we can 
find that the profits of two retailers are higher in the case of the small-scale retailer shar-
ing the cost with the manufacturer than the case of the large-scale retailer sharing with the 
manufacturer.

In addition, we can get several useful conclusions according to the effect of � on the 
profits of supply chain firms from Fig. 2. First, regardless of cooperative partner, the manu-
facturer prefers to sharing the emission reduction cost with small-scale retailer. Second, 
when � is relatively low, the cost-sharing cooperation between itself and the manufacturer 
is a good choice for the retailer. Third, when � is relatively high, the cooperation between 
its competitor and the manufacturer is a good choice for the retailer. Finally, when � locates 
between these two thresholds, all supply chain members prefer the small-scale retailer to 
share the cost with the manufacturer.

5.3  Effect of s on cost‑sharing cooperation

As we mentioned in Fig. 2b, when � locates in the interval between 0.17 and 0.25, all the 
supply chain members can reach a consensus, i.e., the small-scale retailer sharing the emis-
sion reduction cost. This subsection investigates how s affects this cooperation.

Figure 3 shows that the s − � space can be divided into three parts by the curves of �1 
and �2 . The region above �2 (depicted as CR-CM) indicates that for the retailers, each is 
more inclined to its competitor to share the cost with the manufacturer. The part below �1 
(depicted as RT-CM) means that either of the retailer prefers itself to share the emission 
reduction cost. The part between �1 and �2 (depicted as LR-CM) reveals that a consensus 
can be achieved among the supply chain members, i.e., they all prefer that the small-scale 
retailer to share the cost with the manufacturer, given that this consensus makes them better 
off. In addition, as s increases, the LR-CM and RT-CM areas enlarge, whereas the CR-CM 
area shrinks. Thus, a high setting of s value leads to a large space for the cost-sharing coop-
eration in the supply chain, thereby easily achieving the consensus.

0.1

0.15

0.2

0.25

0.3

0.35

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
s

CR-CM

LR-CM

RT-CM

Fig. 3  Effect of s on cost-sharing cooperation
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5.4  Sensitivity analysis of  and s

� is the parameter that represents the competing intensity of the two retailers’ retail prices. 
s implies the government’s policy for emission reduction, and k reflects the cost related to 
emission reduction. These parameters jointly affect the equilibrium solutions and profits of 
the supply chain players. Tables 2 and 3 list the sensitivity of � and s in the settings of k = 4 
and k = 2 , respectively.

Initially, we concentrate on the case of k = 4 . First, we can find that when � is 
unchanged, the steady-state solutions and profits in the both cost-sharing strategies 
decrease as s increases. This is because the increase in s causes the tax cost increases 
and thus, finally leads to the decrease in each member’s profit. Meanwhile, although the 
emission reduction level declines, the total carbon emissions decrease due to the demand 
abatement, thereby achieving the government’s goal of emission reduction. Moreover, the 
decrease in emission reduction level leads to a lower green reputation.

Second, Table 2 also indicates that if s is constant, as � increases, the steady-state val-
ues and profits increase regardless of the cost-sharing partners. The reason is that when 
� increases, the competition between the retailers intensifies. Either of the retailers who 
decides to sharing the emission reduction cost with the manufacturer, to seek a profit, will 
increase its retail price, and its competitor can also increase the price and earn additional 
profit by free-riding. Meanwhile, the manufacturer will exert an increasing effort on emis-
sion reduction and thus provide greener products, which benefit green consumers. In addi-
tion, the relatively high competitive intensity leads to a high green reputation and, together 
with the effects of prices and resulting demands, achieves a non-intuitive finding that it 
yields a high profit of the cost-bearing retailer.

By contrast, the effects of � and s on the equilibrium solutions and profits when k is 
small ( k = 2 ) are different from the case of a large k ( k = 4 ). First, Table  3 shows that 
when � is unchanged, the steady-state retail price, demand, green reputation level, and 
emission reduction level in the both cost-sharing strategies increase as s increases. Because 
the total carbon tax increases with s , the manufacturer must increase emission reduction 
level to ensure its own profit. The increased emission reduction cost makes the cooperative 
retailer and its competitor increase retail prices by cost pressure and free-riding, respec-
tively. Meanwhile, demands and green reputation also increase. Interestingly, we can also 
find that as s increases, the retailers’ profits raise. This is because the increased prices and 
demands can make up for the sharing cost for the cooperative retailer. Moreover, Table 3 
also shows that if s is constant, as � increases, the trend of steady-state solutions and profits 
is similar to that in the case of a large k.

6  Conclusion

Consumers’ environmental awareness and government’s carbon tax induce/force firms to 
take emission reduction activities and provide green products. In this background, this 
study investigates a dynamic supply chain consisting of a manufacturer and two competi-
tive retailers. The leading manufacturer decides the emission reduction level and the fol-
lowing retailers determine the retail prices as a reaction. We consider two strategies in this 
study. In no-cost-sharing strategy, neither of the retailers cooperates with the manufac-
turer on emission reduction; in cost-sharing strategy, either of the retailers cooperates with 
the manufacturer by sharing the emission reduction cost. Consequently, the equilibrium 
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solutions in these strategies can be obtained via the optimal control theory. Several mana-
gerial insights can be obtained as follows.

First, the manufacturer should seek a cost-sharing cooperation with the small-scale retailer 
on emission reduction given that this choice is the best in terms of profit and green reputation 
when compared with the choices of no cost sharing and sharing with the large-scale retailer. 
Moreover, the manufacturer can benefit from a higher cost-sharing ratio, which leads to higher 
reputation, demand, and ultimate profit. However, the manufacturer must set an appropriate 
ratio to achieve this cooperation choice due to that the free-riding phenomenon of cost-sharing 
cooperation exists between the retailers. The ratio setting should consider the retailers’ trade-
off between the free-riding benefit and the purchase cost saving of cooperation. Only when the 
purchase saving is dominant for the small-scale retailer and the free-riding is dominant for the 
large-scale retailer will this choice be preferred by the two retailers.

Second, consumers can obtain a greener product from the cost-sharing cooperation in 
the supply chain. As the cost-sharing ratio increases, both the green level of the product and 
the retail price of the free-riding retailer will increase. However, the price of the coopera-
tive retailer will first decrease and then increase. This finding indicates that consumers of the 
cooperative retailer can obtain a both green and cheap product under certain conditions. In 
addition, the cost-sharing ratio can influence the buying decision of consumers if they pre-
sent no preference between the retailers. When this ratio is relatively low (high), consumers 
should buy the product from the no-cost-sharing retailer (cost-sharing retailer) to pursue a low 
price. However, when this ratio is medium, consumers should always buy the product from the 
large-scale retailer, regardless of which retailer being the cooperative partner.

Third, the carbon tax has an important effect on cost-sharing cooperation consensus in 
supply chains. A high tax increases the flexibility of cost-sharing ratio for this consensus. 
The increase in carbon taxes encourages supply chain members to achieve this cooperation. 
This finding guides government to formulate the carbon tax policy. If the government merely 
encourages firms to reduce carbon emissions, it should set a relatively high tax. If the govern-
ment also considers the profits of supply chain members, it should set an appropriate tax rate 
to make supply chain members reach an agreement about cooperation.

Although our study obtains certain useful managerial insights, several limitations may 
motivate future studies. First, we study a supply chain consisting of one manufacturer and two 
different scales of competitive retailers. Our model could be extended to a supply chain with 
multiple manufacturers and multiple retailers. Second, this study does not consider the deci-
sion-making of governments or regulators. Therefore, this issue can be solved in the future. 
Third, we investigate the cooperation on cost-sharing of emission reduction. Future studies 
could investigate other forms of cooperation in low-carbon supply chains.

Appendix A

Proof of Proposition 1

Letting VN
r1

 , VN
r2

 , and VN
m

 represent the value functions of the large-scale retailer, the small-scale 
retailer, and the manufacturer in no-cost-sharing strategy, the HJB equations are given by

(23)

�VN
ri
= max

p1

{(
pi − wi

)
⋅

(
�iG − �pi + �p3−i − �pi

)
+

�VN
ri

�G
(�� − �G)

}
, i = 1, 2
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Using the first-order condition to maximize the right-hand side of Eq. (23), we can 
obtain

Simultaneous Eqs. (25) yield Eq. (11).
Substituting Eq. (11) into the right-hand side of Eq. (24) yields

Using the first-order condition to solve the right-hand side of Equation (26) with respect 
to � , we can obtain Eq. (12).

Conjecture the manufacturer’s value function as a quadratic form, which is expressed as 
follows:

where I1 , I2 , and I3 are the coefficients to be determined. From Equation (27), we have

By Substituting Eqs. (27) and (28) into (26), and letting the corresponding coefficients 
of G2 on both sides of equation be equal, we can obtain

Solving Eq. (29) yields

(24)

�VN
m
= max

�

⎧
⎪⎨⎪⎩

w1 ⋅

�
�1G − �p1 + �p2 − �p1

�
+ w2 ⋅

�
�2G − �p2 + �p1 − �p2

�

−s(1 − �)E0 ⋅

�
�1G + �2G − �p1 − �p2

�
−

k

2
�2 +

�VN
m

�G
(�� − �G)

⎫
⎪⎬⎪⎭

(25)pN
ri
=

�iG + �p3−i + (� + �)wi

2(� + �)
, i = 1, 2

(26)

�VN

m
= w

1
(� + �)

[
2(� + �)�

1
+ ��

2

4(� + �)2 − �2
G +

(
−2�2 − 4�� − �2

)
w
1
+ �(� + �)w

2

4(� + �)2 − �2

]

+ w
2
(� + �)

[
2(� + �)�

2
+ ��

1

4(� + �)2 − �2
G +

(
−2�2 − 4�� − �2

)
w
2
+ �(� + �)w

1

4(� + �)2 − �2

]

− sE
0

[
(� + �)

(
�
1
+ �

2

)
2� + �

G −
�(� + �)

(
w
1
+ w

2

)
2� + �

]

+ sE
0
�

[
(� + �)

(
�
1
+ �

2

)
2� + �

G −
�(� + �)

(
w
1
+ w

2

)
2� + �

]
−

k

2
�2 +

�VN

m

�G
(�� − �G)

(27)VN
m
(G) = I1G

2 + I2G + I3

(28)
�VN

m

�G
= 2I1G + I2

(29)

− 2�2(2� + �) ⋅ I2
1
+
[
k(2� + �)(� + 2�) − 2�sE

0
(� + �)

(
�
1
+ �

2

)]

⋅ I
1
−

(
sE

0

)2
(� + �)2

2(2� + �)

(
�
1
+ �

2

)2
= 0

(30)I1 =
2�sE0(� + �)

(
�1 + �2

)
− k(2� + �)(� + 2�) + Δ1

−4�2(2� + �)
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where Δ1 ≥ 0 is required to guarantee the existence of the solution. Note that when I1 takes 
a smaller root, the green reputation level will not converge to a steady-state value. Thus, 
the smaller root is abandoned.

Similarly, I2 and I3 are obtained as the following:

Substituting Eqs. (11), and (12) into the right-hand side of Eq. (23) yields

Conjecture the large-scale retailer’s value function as a quadratic form, which is 
expressed as follows:

where J1 , J2 , and J3 are the coefficients to be determined. From Equation (34), we have

By Substituting Equations (28), (34), and (35) into (33), and letting the correspond-
ing coefficients of G2 on both sides of equation be equal, we can obtain

Substituting Equation (30) into Equation (36) yields

(31)I2 =
2A1

k(2� + �)� + Δ1

(32)

I
3
=

w
1

�

[(
−2�2 − 4�� − �2

)
(� + �)w

1
+ �(� + �)2w

2

4(� + �)2 − �2

]

+
w
2

�

[(
−2�2 − 4�� − �2

)
(� + �)w

2
+ �(� + �)2w

1

4(� + �)2 − �2

]
+

sE
0
�(� + �)

(2� + γ)ρ

(
w
1
+ w

2

)

+
�2(sE

0
)2

2k�

[
(� + �)

(2� + �)

(
w
1
+ w

2

)]2
+

2�2A2

1

k�
[
k(2� + �)� + Δ

1

]2

−
2�sE

0
�A

1

k�[k(2� + �)� + Δ]

(� + �)

(2� + �)

(
w
1
+ w

2

)

(33)

�VN

r
1

= (� + �)

[
2(� + �)�

1
+ ��

2

4(� + �)2 − �2
G +

(
−2�2 − 4�� − �2

)
w
1
+ �(� + �)w

2

4(� + �)2 − �2

]2

+
�VN

r
1

�G

[
sE

0
�(� + �)

(2� + �)k

(
�
1
+ �

2

)
G −

sE
0
�(� + �)�

(2� + �)k

(
w
1
+ w

2

)
+

�2

k

�VN

m

�G
− �G

]

(34)VN
r1
(G) = J1G

2 + J2G + J3

(35)
�VN

r1

�G
= 2J1G + J2

(36)J1 =

k(2� + �)(� + �)
[
2(�+�)�1+��2

4(�+�)2−�2

]2

�k(2� + �) − 2sE0�(� + �)
(
�1 + �2

)
− 4�2(2� + �)I1 + 2k(2� + �)�
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Similarly, J2 and J3 are obtained as the following:

Substituting Eqs. (11), and (12) into the right-hand side of Eq. (23) yields

Conjecture the small-scale retailer’s value function as a quadratic form, which is 
expressed as follows:

where K1 , K2 , and K3 are the coefficients to be determined. From Eq. (41), we have

By Substituting Equations (28), (41), and (42) into (40), and letting the correspond-
ing coefficients of G2 on both sides of equation be equal, we can obtain

Substituting Equation (30) into Equation (43) yields

Similarly, K2 and K3 are obtained as the following:

(37)J1 =
k(2� + �)(� + �)

Δ1

[
2(� + �)�1 + ��2

4(� + �)2 − �2

]2

(38)J2 =
2A2

k(2� + �)� + Δ1

(39)
J
3
=

(� + �)

�

[(
−2�2 − 4�� − �2

)
w
1
+ �(� + �)w

2

4(� + �)2 − �2

]2

+
4A

1
A
2
�2

k�
[
k(2� + �)� + Δ

1

]2

−
2��sE

0
(� + �)A

2

k�(2� + �)
[
k(2� + �)� + Δ

1

](w1
+ w

2

)

(40)

�VN

r
2

= (� + �)

[
2(� + �)�

2
+ ��

1

4(� + �)2 − �2
G +

(
−2�2 − 4�� − �2

)
w
2
+ �(� + �)w

1

4(� + �)2 − �2

]2

+
�VN

r
2

�G

[
sE

0
�(� + �)

(2� + �)k

(
�
1
+ �

2

)
G −

sE
0
�(� + �)�

(2� + �)k

(
w
1
+ w

2

)
+

�2

k

�VN

m

�G
− �G

]

(41)VN
r2
(G) = K1G

2 + K2G + K3

(42)
�VN

r2

�G
= 2K1G + K2

(43)K1 =

k(2� + �)(� + �)
[
2(�+�)�2+��1

4(�+�)2−�2

]2

�k(2� + �) − 2sE0�(� + �)
(
�1 + �2

)
− 4�2(2� + �)I1 + 2k(2� + �)�

(44)K1 =
k(2� + �)(� + �)

Δ1

[
2(� + �)�2 + ��1

4(� + �)2 − �2

]2

(45)K2 =
2A3

k(2� + �)� + Δ1
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Proof of Proposition 2

By substituting Eq. (12) into (1), we obtain the following differential equation:

Given that G(0) = G0 , solving Equation (47) yields Eq.  (15), where GN
∞

 can also be 
showed in Eq. (93).

By substituting Eqs. (15) and (93) into (12), we can obtain Eqs. (13) and (94).
By substituting Eqs. (15) and (93) into (11), we can obtain Eqs. (14) and (95).
By substituting Eqs. (15) and (93) into (2), we can obtain Eqs. (16) and (96).

Proof of Proposition 3

Proposition 3 shows that the monotonicity of retail price relates to G0 and GN
∞

 for two retail-
ers. When G0 > GN

∞
 , the retail price decreases with time. Therefore, the skimming pricing 

strategy should be adopted. When G0 < GN
∞

 , the retail price increases with time, thereby 
requiring the adoption of the penetration pricing strategy.

Proposition 3 also shows that the monotonicity of emission reduction level relates to G0 , 
GN

∞
 , and k(2�+�)(�+2�)−Δ1

2k�(2�+�)
 for the manufacturer. When k(2𝛽+𝛾)(𝜌+2𝛿)−Δ1

2k𝜃(2𝛽+𝛾)

(
G0 − GN

∞

)
> 0 , the 

emission reduction level decreases with time. Therefore, the skimming emission reduction 
strategy should be adopted. When k(2𝛽+𝛾)(𝜌+2𝛿)−Δ1

2k𝜃(2𝛽+𝛾)

(
G0 − GN

∞

)
< 0 , the emission reduction 

level increases with time, thereby meaning the adoption of the penetration emission reduc-
tion strategy.

Proof of Corollary 4

According to Eq. (95), we can get

Thus, we can get the relationship between pN
r1∞

 and pN
r2∞

 , as shown in Corollary 4.
According to Equation (96), we can get

(46)

K3 =
(� + �)

�

[(
−2�2 − 4�� − �2

)
w2 + �(� + �)w1

4(� + �)2 − �2

]2

+
4A1A3�

2

k�
[
k(2� + �)� + Δ1

]2 −
2��sE0(� + �)A3

k�(2� + �)
[
k(2� + �)� + Δ1

](w1 + w2

)

(47)

Ġ(t) −
k(2𝛽 + 𝛾)𝜌 − Δ1

2k(2𝛽 + 𝛾)
G =

2(2𝛽 + 𝛾)𝜃2A1 − 𝛽𝜃sE0(𝛽 + 𝛾)
(
w1 + w2

)[
k(2𝛽 + 𝛾)𝜌 + Δ1

]

k(2𝛽 + 𝛾)
[
k(2𝛽 + 𝛾)𝜌 + Δ1

]

(48)pN
r1∞

− pN
r2∞

=

(
�1 − �2

)
GN

∞
− (� + �)(w2 − w1)

2(� + �) + �

(49)DN
r1∞

− DN
r2∞

=
(� + �)

2(� + �) + �

[(
�1 − �2

)
GN

∞
− (� + 2�)(w1 − w2)

]
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Thus, we can get the relationship between DN
r1∞

 and DN
r2∞

 , as shown in Corollary 4.

Proof of Proposition 5

Letting VC
m

 , VC
r1
, and VC

r2
 represent the value functions of the manufacturer, the large-scale 

retailer, and the small-scale retailer in cost-sharing strategy, the HJB equations are given by

Using the first-order condition to maximize the right-hand side of Eqs. (51) and (52), 
we can obtain

Simultaneous Eq. (53) yield Eq. (17).
Substituting Eqs. (17) into the right-hand side of Equation (50), and using the first-order 

condition to solve the right-hand side with respect to � , we can obtain Eq. (18).
Substituting Eqs. (17), and (18) into the right-hand side of Eq. (50) yields

(50)

�VC
m
= max

�

{
w
1
⋅

(
�
1
G − �p

1
+ �p

2
− �p

1

)
+ w

2
⋅

(
�
2
G − �p

2
+ �p

1
− �p

2

)

− s(1 − �)E
0
⋅

(
�
1
G + �

2
G − �p

1
− �p

2

)
− (1 − �)

k

2
�2 +

�VC
m

�G
(�� − �G)

}

(51)

�VC
r1
= max

p1

{(
p1 − w1

)
⋅

(
�1G − �p1 + �p2 − �p1

)
− �

k

2
�2 +

�VC
r1

�G
(�� − �G)

}

(52)�VC
r2
= max

p2

{(
p2 − w2

)
⋅

(
�2G − �p2 + �p2 − �p2

)
+

�VC
r2

�G
(�� − �G)

}

(53)pC
ri
=

�iG + �p3−i + (� + �)wi

2(� + �)
, i = 1, 2

(54)

�VC

m
= w

1
(� + �)

[
2(� + �)�

1
+ ��

2

4(� + �)2 − �2
G +

(
−2�2 − 4�� − �2

)
w
1
+ �(� + �)w

2

4(� + �)2 − �2

]

+ w
2
(� + �)

[
2(� + �)�

2
+ ��

1

4(� + �)2 − �2
G +

(
−2�2 − 4�� − �2

)
w
2
+ �(� + �)w

1

4(� + �)2 − �2

]

− sE
0

[
(� + �)

(
�
1
+ �

2

)
2� + �

G −
�(� + �)

(
w
1
+ w

2

)
2� + �

]

+ sE
0

[
sE

0
(� + �)

k(1 − �)(2� + �)

(
�
1
+ �

2

)
G −

sE
0
�(� + �)

k(1 − �)(2� + �)

(
w
1
+ w

2

)
+

�

k(1 − �)

�VC

m

�G

]

[
(� + �)

(
�
1
+ �

2

)
2� + �

G −
�(� + �)

(
w
1
+ w

2

)
2� + �

]

− (1 − �)
k

2

[
sE

0
(� + �)

k(1 − �)(2� + �)

(
�
1
+ �

2

)
G −

sE
0
�(� + �)

k(1 − �)(2� + �)

(
w
1
+ w

2

)
+

�

k(1 − �)

�VC

m

�G

]2

+
�VC

m

�G

(
�

[
sE

0
(� + �)

k(1 − �)(2� + �)

(
�
1
+ �

2

)
G −

sE
0
�(� + �)

k(1 − �)(2� + �)

(
w
1
+ w

2

)
+

�

k(1 − �)

�VC

m

�G

]
− �G

)
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Conjecture the manufacturer’s value function as a quadratic form, which is expressed 
as follows:

where X1 , X2 , and X3 are the coefficients to be determined. From Eq. (55), we have

By Substituting Eqs. (55) and (56) into (54), and letting the corresponding coeffi-
cients of G2 on both sides of equation be equal, we can obtain

Solving Eq. (57) yields

where Δ2 ≥ 0 is required to guarantee the existence of the solution. Note that when X1 
takes a smaller root, the green reputation level will not converge to a steady-state value. 
Thus, the smaller root is abandoned.

Similarly, X2 and X3 are obtained as the following:

Substituting Eqs. (17), and (18) into the right-hand side of Equation (51) yields

(55)VC
m
(G) = X1G

2 + X2G + X3

(56)
�VC

m

�G
= 2X1G + X2

(57)
− 2(2� + �)�2 ⋅ X

1

2 +
[
k(1 − �)(2� + �)(� + 2�) − 2�sE

0
(� + �)(�

1
+ �

2
)
]

⋅ X
1
−

(sE
0
)2(� + �)2

2(2� + �)
(�

1
+ �

2
)2 = 0

(58)X1 =
2�sE0(� + �)

(
�1 + �2

)
+ (1 − �)

[
Δ2 − k(2� + �)(� + 2�)

]
−4(2� + �)�2

(59)X2 =
2A4

k(2� + �)� + Δ2

(60)

X
3
=

w
1

�

[(
−2�2 − 4�� − �2

)
(� + �)w

1
+ �(� + �)2w

2

4(� + �)2 − �2

]

+
w
2

�

[(
−2�2 − 4�� − �2

)
(� + �)w

2
+ �(� + �)2w

1

4(� + �)2 − �2

]
+

sE
0
�(� + �)

�(2� + �)

(
w
1
+ w

2

)

+
�2(sE

0
)2

2k�(1 − �)

[
(� + �)

(2� + �)
(w

1
+ w

2
)

]2
+

2�2A2

4

k�(1 − �)
[
k(2� + �)� + Δ

2

]2

−
2��sE

0
A
4

k�(1 − �)
[
k(2� + �)� + Δ

2

] (� + �)

(2� + �)

(
w
1
+ w

2

)
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Conjecture the large-scale retailer’s value function as a quadratic form, which is 
expressed as follows:

where Y1 , Y2 , and Y3 are the coefficients to be determined. From Eq. (62), we have

By Substituting Eqs. (56), (62), and (63) into (61), and letting the corresponding coef-
ficients of G2 on both sides of equation be equal, we can obtain

Solving Eq. (64) yields

Substituting Eq. (58) into Eq. (65) yields

Similarly, Y2 and Y3 are obtained as the following:

(61)

�VC

r
1

= (� + �)

[
2(� + �)�

1
+ ��

2

4(� + �)2 − �2
G +

(
−2�2 − 4�� − �2

)
w
2
+ �(� + �)w

1

4(� + �)2 − �2

]2

−
k�

2

[
sE

0
(� + �)

k(1 − �)(2� + �)

(
�
1
+ �

2

)
G −

sE
0
�(� + �)

k(1 − �)(2� + �)

(
w
1
+ w

2

)
+

�

k(1 − �)

�VC

m

�G

]2

+
�VC

r
1

�G

(
�

[
sE

0
(� + �)

k(1 − �)(2� + �)

(
�
1
+ �

2

)
G −

sE
0
�(� + �)

k(1 − �)(2� + �)

(
w
1
+ w

2

)
+

�

k(1 − �)

�VC

m

�G

]
− �G

)

(62)VC
r1
(G) = Y1G

2 + Y2G + Y3

(63)
�VC

r1

�G
= 2Y1G + Y2

(64)

[
k(2� + �)(1 − �)2(� + 2�) − 2sE

0
�(1 − �)(� + �)

(
�
1
+ �

2

)
− 4(1 − �)(2� + �)�2X

1

]

⋅ Y
1
=

k(� + �)(1 − �)2

2(� + �) + �

[
2(� + �)�

1
+ ��

2

]2
−

�
(
sE

0

)2
(� + �)2

2(2� + �)

(
�
1
+ �

2

)

− 2(2� + �)��2X2

1
− 2��sE

0
(� + �)

(
�
1
+ �

2

)
X
1

(65)
Y1 =

k(� + �)(1 − �)2

2(� + �) + �

[
2(� + �)�1 + ��2

]2
−

�
(
sE0

)2
(� + �)2

2(2� + �)

(
�1 + �2

)

−2(2� + �)��2X2

1
− 2��sE0(� + �)

(
�1 + �2

)
X1

k(2� + �)(1 − �)2(� + 2�)

−2sE0�(1 − �)(� + �)
(
�1 + �2

)
− 4(1 − �)(2� + �)�2X1

(66)Y1 =
A5

(1 − �)2Δ2

(67)Y2 =
2A6

k(2� + �)(1 − �)2� + (1 − �)2Δ2
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Substituting Eqs. (17), and (18) into the right-hand side of Eq. (52) yields

Conjecture the small-scale retailer’s value function as a quadratic form, which is 
expressed as follows:

where Z1 , Z2 , and Z3 are the coefficients to be determined. From Eq. (70), we have

By Substituting Eqs. (56), (70), and (71) into (69), and letting the corresponding coeffi-
cients of G2 on both sides of equation be equal, we can obtain

Solving Eq. (72) yields

Substituting Eq. (58) into Eq.(73) yields

Similarly, Z2 and Z3 are obtained as the following:

(68)

Y
3
=

(� + �)

�

[(
−2�2 − 4�� − �2

)
w
1
+ �(� + �)w

2

4(� + �)2 − �2

]2

−
��2

(
sE

0

)2
2k�(1 − �)2

[
(� + �)

(2� + �)

(
w
1
+ w

2

)]2

−
��2X2

2

2k�(1 − �)2
+

X
2
��sE

0
�

k(1 − �)2�

(� + �)

(2� + �)

(
w
1
+ w

2

)

−
Y
2
�sE

0
�

k�(1 − �)

(� + �)

(2� + �)

(
w
1
+ w

2

)
+

X
2
Y
2
�2

k�(1 − �)

(69)

�VC

r
2

= (� + �)

[
2(� + �)�

2
+ ��

1

4(� + �)2 − �2
G +

(
−2�2 − 4�� − �2

)
w
2
+ �(� + �)w

1

4(� + �)2 − �2

]2

+
�VC

r
2

�G

(
�

[
sE

0
(� + �)

k(1 − �)(2� + �)

(
�
1
+ �

2

)
G −

sE
0
�(� + �)

k(1 − �)(2� + �)

(
w
1
+ w

2

)
+

�

k(1 − �)

�VC

m

�G

]
− �G

)

(70)VC
r2
(G) = Z1G

2 + Z2G + Z3

(71)
�VC

r2

�G
= 2Z1G + Z2

(72)

[
k(2� + �)(1 − �)(� + 2�) − 2sE

0
�(� + �)

(
�
1
+ �

2

)
− 4(2� + �)�2X

1

]

⋅ Z
1
=

k(1 − �)(� + �)

2(� + �) + �

[
2(� + �)�

2
+ ��

1

]2

(73)Z1 =

k(1−�)(�+�)

2(�+�)+�

[
2(� + �)�2 + ��1

]2

k(2� + �)(1 − �)(� + 2�) − 2sE0�(� + �)
(
�1 + �2

)
− 4(2� + �)�2X1

(74)Z1 =
k(� + �)

[
2(� + �)�2 + ��1

]2
[2(� + �) + �]Δ2
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Proof of Corollary 6

Based on Eq. (11) in Proposition 1, and Eq. (17) in Proposition 5, Corollary 6 can easily be 
obtained.

Proof of Proposition 7

By substituting Eq. (18) into (1), we obtain the following differential equation:

Given that G(0) = G0 , solving Eq. (77) yields Eq. (21), where GC
∞

 can also be showed in 
Eq. (97).

By substituting Eqs. (21) and (97) into (18), we can obtain Eqs. (19) and (98).
By substituting Eqs. (21) and (97) into (17), we can obtain Eqs. (20) and (99).
By substituting Eqs. (21) and (97) into (2), we can obtain Eqs. (22) and (100).

Proof of Proposition 8

Proposition 8 shows that the monotonicity of retail price relates to G0 and GC
∞

 for the two 
retailers. When G0 > GC

∞
 , the retail price decreases with time. Therefore, the skimming 

pricing strategy should be adopted. When G0 < GC
∞

 , the retail price increases with time, 
thereby requiring the adoption of the penetration pricing strategy.

Proposition 3 also shows that the monotonicity of emission reduction level relates to G0 , 
GC

∞
 , and k(2�+�)(�+2�)−Δ2

2k�(2�+�)
 for the manufacturer. When k(2𝛽+𝛾)(𝜌+2𝛿)−Δ2

2k𝜃(2𝛽+𝛾)

(
G0 − GC

∞

)
> 0 , the 

emission reduction level decreases with time. Therefore, the skimming emission reduction 
strategy should be adopted. When k(2𝛽+𝛾)(𝜌+2𝛿)−Δ2

2k𝜃(2𝛽+𝛾)

(
G0 − GC

∞

)
< 0 , the emission reduction 

level increases with time, thereby meaning the adoption of the penetration emission reduc-
tion strategy.

(75)Z2 =
2A7

k(2� + �)(1 − �)� + (1 − �)Δ2

(76)

Z
3
=

(� + �)

�

[(
−2�2 − 4�� − �2

)
w
2
+ �(� + �)w

1

4(� + �)2 − �2

]

−
2��sE

0
A
7

k�(1 − �)2
[
k(2� + �)� + (1 − �)Δ

2

] (� + �)

(2� + �)

(
w
1
+ w

2

)

+
4�2A

4
A
7

k�
[
k(1 − �)(2� + �)� + (1 − �)Δ

2

]2

(77)

Ġ(t) −
k(2𝛽 + 𝛾)𝜌 − Δ2

2k(2𝛽 + 𝛾)
G =

2(2𝛽 + 𝛾)𝜃2A4 − 𝛽𝜃sE0(𝛽 + 𝛾)
(
w1 + w2

)[
k(2𝛽 + 𝛾)𝜌 + Δ2

]

k(1 − 𝜑)(2𝛽 + 𝛾)
[
k(2𝛽 + 𝛾)𝜌 + Δ2

]
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Proof of Corollary 9

According to Eq. (99), we can obtain

Thus, we can get the relationship between pII
r1∞

 and pII
r3∞

 , as shown in Corollary 9.
According to Eq. (100), we can obtain

Thus, we can get the relationship between DC
r1∞

 and DC
r1∞

 , as shown in Corollary 9.

Proof of Corollary 10

Based on Eqs. (93) and (97), we can easily obtain GN
∞
< G

C

∞
 . Meanwhile, based on Eqs. 

(94) and (98), we can also obtain 𝜏N
∞
< 𝜏C

∞
.

Thus, we get the relationship of the steady-state retail prices, demands in two strategies 
according to GN

∞
< G

C

∞
 as shown in Corollary 10.

Appendix B

The variable substitutions Δ1,Δ2,A1 − A7,X1,X2, Y1 , and Z1 are shown as follows:

(78)pC
r1∞

− pC
r2∞

=

(
�1 − �2

)
GC

∞
− (� + �)(w2 − w1)

2(� + �) + �

(79)DII
r1∞

− DII
r2∞

=
(� + �)

2(� + �) + �

[(
�1 − �2

)
GI

∞
− (� + 2�)(w1 − w2)

]

(80)Δ1 ≡
√

k(2� + �)(� + 2�)
[
k(2� + �)(� + 2�) − 4�sE0(� + �)

(
�1 + �2

)]

(81)Δ2 ≡
√

k(2� + �)(� + 2�)

[
k(2� + �)(� + 2�) −

4�sE0(� + �)(�1 + �2)

(1 − �)

]

(82)

A1 ≡ kw1

[
2(� + �)2�1 + �(� + �)�2

2(� + �) + �

]
+ kwr2

[
2(� + �)2�2 + �(� + �)�1

2(� + �) + �

]

− ksE0(� + �)
(
�1 + �2

)
+ sE0�(� + �)

(
wr1

+ wr2

)
⋅

Δ1 − k(2� + �)(� + 2�)

2�(2� + �)

(83)

A2 ≡ 2k(2� + �)(� + �)

[(
−2�2 − 4�� − �2

)
wr1

+ �(� + �)wr2

4(� + �)2 − �2

][
2(� + �)�1 + ��2

4(� + �)2 − �2

]

+
k(2� + �)(� + �)

Δ1

[
2(� + �)�1 + ��2

4(� + �)2 − �2

]2[
4�2(2� + �)A1

k(2� + �)� + Δ1

− 2sE0��(� + �)
(
wr1

+ wr2

)]
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(84)

A3 ≡ 2k(2� + �)(� + �)

[(
−2�2 − 4�� − �2

)
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2(2� + �)

(
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