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Abstract: The combination of e-commerce and the green economy allows enterprises to distribute 
their green products directly to consumers through Internet channels. This paper investigates the 
impact of service spillovers on emission reduction and channel decisions in a two-echelon supply 
chain,in which the supplier is a Stackelberg leader and the retailer is a follower.By comparing the 
equilibrium outcomes of the single-channel and dual-channel supply chain in a setting with and 
without retail services, we observe that the supplier prefers to encroach on the market when services 
that retail locations provide largely spillover to and benefit the direct sales channel. Contrary to 
popular belief, a higher degree of service spillovers is beneficial for the retailer to get more returns 
under the dual-channel structure, whereas supplier encroachment will lead to a decline in the 
service level if the spillover degree is relatively low. In addition, the emission reduction level of 
products under supplier encroachment is always higher than that employed in the single-channel 
structure if consumers have both low-carbon preference and high degree of service sensitivity. 
Furthermore, we extend the equilibrium decisions under a carbon cap-and-trade (CCT) mechanism; 
the results fully verify the above conclusions. Interestingly, the implementation of a carbon price 
not only motivates carbon emission abatement and supplier encroachment, but also helps achieve a 
win-win outcome for supply chain members when service spillovers happen. 

Keywords: E-commerce; Supplier encroachment; Service spillover;Emission reduction; Carbon cap-
and-trade (CCT) 

 

1. Introduction 

In recent years, e-commerce, as a product of information technology for business operations, has 
been applied in many ways.This is especially true since the outbreak of COVID-19 in early 2020. Since 
then, Internet channels have played an important role in confronting the supply chain challenges 
imposed by the pandemic, stimulating consumption recovery and maintaining both the global 
supply chain and industrial chain.According to an e-commerce trading platform survey released by 
China’s National Bureau of Statistics, Chinese annual e-commerce transactions rose by 4.5 per cent, 
reaching CNY37.21 trillion in 2020,compared to 2019 (Zhu et al. 2023).To avoid the risk of a single 
channel, many suppliers have opened up their own online channels to sell the same products as 
offline retailers, which is known as supplier encroachment. Companies such as Apple, Huawei, and 
Samsung, have established their direct channels, helping them to implement self-operated 
distribution channels (Xia & Niu, 2019).The convenience of an Internet channel also provides 
consumers with more shopping options. In fact, some consumers may first visit the brick-and-mortar 
store to experience the retail service, but finally purchase the product from an online store at a lower 
price(Mehra et al., 2018). 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.
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By opening up direct online sales channels, it brings negative impact on retailers' sales from two 
aspects. The first is the cannibalization effect. When demand is constant, due to the existence of two 
types of sales channels in the market, the sales of products in the online channel will crowd out some 
of the sales originally belonging to the retail channel. Considering the price advantage of online 
channel sales, when the product substitution degree in both channels is high, retailers will lose 
potential consumers due to the supplier's channel invasion (Zhang et al. 2022). The second is the 
service spillover effect. Retailers provide sales services to consumers to promote product sales, but 
consumers who receive the services are ultimately influenced by various factors and make purchases 
through online sales channels. Obviously, the service spillover effect has narrowed the service gap 
between the two channels, promoted the improvement of online channel profitability, and physical 
stores are gradually regarded as "exhibition halls" of online sales channels. This worsens cooperative 
relationship between the supply chain members(Bernstein et al., 2009). Moreover, there is a view that 
even if the supplier establishes an inactive direct channel, retailers will be worse off as a result of 
supplier encroachment(Yang et al., 2018).Thus, retailers often regard the direct channel as an 
enormous threat, and the conflicts in a dual channel system can grow serious(Cai, 2010; Huang et al., 
2018). 

On the other hand, as environmental and energy-related problems have become more and more 
prominent, many organizations seek to achieve sustainable development by curbing emissions.In 
March 2021, the People’s Bank of China held a forum on optimizing and adjusting the credit structure 
of twenty-four major banks, preparing to set up carbon emission reduction support tools to further 
bolster the investment in carbon abatement programs. In this context, some corporations are taking 
actions to enhance their environmental protection efforts.For instance, multinational companies 
including Microsoft, Nike, Starbucks, and Unilever have formed a new consortium called Transformto 

Net Zero, which is devoted to sharing information and resources for reducing carbon emissions.Yet, 
here as well – although the significance of sustainable development has been widely recognized –the 
suppliers’ green strategies may encourage free riding. If only emission reduction in production is 
considered, a retailer can expand their market share and gain a greater competitive advantage 
without paying any emission abatement-related costs(Hong & Guo, 2019). In other words,low-carbon 
product distribution in a dual-channel supply chain may involve a bidirectional free riding question, 
which raises additional questions regarding the relationship between green supply chain members. 

In the offline market, brick-and-mortar stores cannot only provide customers with immediate 
product acquisition but also offer show rooms with product demonstration, the ability to sample 
products,the presence of a sales clerk, etc.(Mehra et al., 2018; Zhou et al., 2018).This provides 
consumers with a more engaging consumption experience.Low-carbon promotions in this offline 
channel may improve the sales of products and therefore contribute to carbon emission reductions. 
However, the current literature on the sale and channel selection of products focuses almost 
exclusively on pricing and emission reduction decision-making in dual-channel supply chains, 
neglecting the effect of service spillovers. To our knowledge, there is no prior study that has studied 
its effect one mission reduction strategies and channel decisions, which we might expect to differ 
from conventional, dual-channel chains.With this study, we hope to provide a theoretical reference 
for these phenomena by exploring the following issues: 

(1) How do consumers' low-carbon preferences and service sensitivity affect suppliers' 
emission reduction and channel selection decisions? 

(2) Under a dual-channel structure, how do service spillovers affect the decision-making of 
supply chain members? 

(3) Do retailers need to minimize their service costs when suppliers encroach by opening an 
Internet channel? 

(4) What effect do carbon cap-and-trade (CCT) mechanisms and/or low-carbon policies have 
on the optimal decision of service levels and emission abatement levels? Do low-carbon 
policies motivate supplier encroachment? 

To answer these questions, this paper considers a two-echelon supply chain consisting of one 
supplier who plans to slash emissions and one retailer who can provide services for consumers.The 
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supplier also has the option to sell products directly to consumers by opening an Internet 
channel;under the dual-channel structure, the retailer's inputs on services to customers may spillover 
to and benefit the direct channel,as shown in Figure1. On this basis,we develop four models based 
on different channel structures and service strategies. 

Our research contributes to the literature in five ways. First, this paper studies the strategies of 
channel selection and emission reduction in a supply chain with consideration for the retail service 
and its spillover effects.Second,we deduce that under encroachment,the supplier is better off, and the 
level of emission reductions is improved, and consumer low-carbon preferences can offset some of 
the adverse effects of supplier encroachment on retailers Third, contrary to popular belief, the greater 
the service spillovers, the more likely a retailer is to get returns from supplier 
encroachment.However,supplier encroachment does lead to a decline in the service level provided 
by the retailer, and retailer profits,when the spillover effect is relatively weak.Finally, based on an 
extended discussion of equilibrium outcomes under a CCT mechanism,we establish the theoretical 
relationship between the carbon price and supplier encroachment. 

Our research is presented as follows: Section 2 reviews relevant studies, and Section 3describes 
the model and related assumptions. Then, Section4provides the optimal decision and equilibrium 
analysis for four scenarios. In Section5, we further discuss the channel decision and service strategy 
with a numerical analysis, andSection6 presents an extended discussion on our models under a CCT 
mechanism. Finally, we summarize our study and offer insights into possible avenues for future 
research in Section7. In addition, we attach proofs of our conclusions in Appendix A, and provide 
variable annotations in Appendix B. 

 

Figure 1. The single channel/dual-channel green supply chain framework. 

2. Literature review 

This research addresses issues of consumers' low-carbon awareness, channel decisions in a 
supply chain, and the spillover effect of retail services. Here,we review relevant literature and discuss 
current research problems to emphasize our contributions. 

2.1. Consumers’ low-carbon awareness 

As consumer awareness of environmental matters increases, more and more enterprises are 
devoted to providing and promoting ‘green’ products(Liu et al., 2012).Many studies have highlighted 
the effect of consumers' low-carbon preference on generating market demand for green products. 
Adaman et al. (2011), using a face-to-face questionnaire of 2422 respondents, finds that young and 
educated people are relatively more willing to purchase low-carbon products compared with the 
general population. Xia et al. (2018) incorporates social preferences and environmental consciousness 
into carbon emission reduction decision research in the context of a two-echelon supply chain. They 
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find that the strong environmental awareness of consumers plays a positive role in motivating the 
enterprise to provide more environmentally-friendly products. 

From the standpoint of sustainable management, the requirement of low-carbon operations will 
necessarily influence operational decisions and supply chain coordination.Thus, a large body of 
literature examines pricing and emission reduction strategies of supply chains which distribute green 
products. Ghosh and Shah (2012) examines a fashion supply chain model under different carbon 
emission abatement modes and analyze the impact of channel power structure on price, profit, and 
emission reduction levels. Beyond emission abatement in production,green strategies in other 
operating stages have been considered by some scholars, such as in green product design(Hong & 
Guo, 2019; Zhao & Zhu, 2018), inventory strategy (Benjaafar et al., 2013; Hua et al., 2011),and 
consumer purchase behavior(Amit Kumar, 2021; Feng et al., 2017). Moreover, some scholars have 
tried to motivate an increase in emission reductions by coordinating activities across the supply 
chain. Wang et al. (2016)proposes a cost-sharing versus whole sale price premium contract to 
coordinate a two-echelon supply chain and achieve a higher carbon emission reduction rate. 
Similarly, Peng et al.(2018)discusses the performance of a green supply chain with a quantity 
discount contract and a conventional revenue-sharing contract, and design a new revenue-sharing 
contract based on an emission reduction subsidy to coordinate across the supply chain. However, 
this research is mostly restricted to distributing green products through the traditional, brick-and-
mortar channel.In this paper, we take consumers' low-carbon preference and service sensitivity into 
account and explore the impact of supplier encroachment on emission reduction strategies in a 
supply chain. 

2.2. Channel decisions in a supply chain 

Since the rapid growth of e-commerce, it is increasingly important to explore whether the launch 
of direct channels benefits members of the supply chain. Some scholars have proposed that supplier 
encroachment not only enhances supplier profits, but that retailers could also benefit from the 
increase in marginal profit(Arya & Mittendorf, 2013; Chiang et al., 2003; Yoon, 2016). However, 
another view has been raised that considers more specific factors in the competition between 
channels, such as product quality(Jamali & Rasti-Barzoki, 2018) and bargaining power(Yang et al., 
2018), which indicates that supplier encroachment definitely can hurt retailers. 

The discussion of this issue has also appeared in research on green supply chains. Li et al. 
(2016)examines the pricing and emission reduction strategies of dual-channel supply chains their 
models and explore the necessary conditions for the existence of a dual-channel green supply 
chain.Further, Ji et al. (2017) compares the manufacturer's emission abatement strategy with a joint 
emission reduction strategy in both single-channel and dual-channel supply chains.They report that 
if the degree of consumers' low-carbon sensitivity is relatively high, a joint emission reduction 
strategy in both channels is beneficial for both the supplier and the retailer. In addition, Ranjan and 
Jha(2019) explores pricing and green decisions in a dual-channel supply chain and coordination 
through a surplus profit-sharing mechanism. Zhang et al. (2020)investigates carbon emission 
abatement and encroachment decisions under three different decision sequences. Their results 
indicate that with supplier encroachment,the retailer is always worse off unless consumer's low-
carbon preference is sufficiently high.Our work is most related to Ranjan and Jha(2019), which 
considers the retailer's efforts in sales strategies, including customer services, in the competition 
between channels.However,they assume that the retail channel only distributes non-green products 
and therefore ignores the cross-channel effect of the sales effort. Our study examines the spillover 
effect of retail services and its impact on emission reduction and channel decisions. 

2.3. Service spillovers 

Our study also involves multi-channel competition subject to the service spillover effect. 
Previous research has extensively discussed the impact of service spillovers on the traditional sales 
channel. Shin(2007)indicates that service spillover benefits both service providers and “free riders”, 
which is a win-win result.In contrast, Zhou et al. (2018)investigates the pricing and service strategy 
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of dual-channel supply chains, but concludes that “free riding” always has a negative impact on the 
retailer's profits. Xia and Niu(2019) integrates the two views presented above and explores the 
equilibrium results of the retailer as the leader and follower respectively. The results show that strong 
service spillovers could lead to Pareto improvement(Pareto improvement means that make at least 
one person better without making anyone's situation worse.) if the retailer is not the leader. 
Furthermore, some studies have proposed solutions to reduce the negative effect of service spillovers. 
Chen et al. (2012)proposes a compensation agreement to coordinate a dual-channel supply chain 
subject to service spillovers. Mehra et al.(2018), based on a comparative analysis between service 
strategies, demonstrates that retailers can pursue service differentiation as a long-term strategy to 
offset the impact of product display strategy in a physical space.In recent studies,some scholars hold 
that cross-channel consumers are driven by different motivations,and so they combine the influence 
of "offline show rooming" and "online web rooming" in sales channel research(Flavián et al., 2020; 
Jing, 2018). The studies discussed above have mostly focused on exploring retailers’ strategies under 
service spillover effects.There is scant literature on the strategies of the supplier(including strategies 
for carbon emission reductions) in the case they are subject to the service spillover effect. Hence, here 
we mainly focus on the supplier-dominant case and try to determine whether service spillovers 
motivate suppliers’ greening strategies.These results can offer managerial insights for decision-
makers to implement sustainable development strategies in the context of e-commerce. 

Our study contributes to the literature in several ways. First, we establish a two-echelon supply 
chain,in which the supplier is a Stackelberg leader and the retailer a follower, differing from the 
model of a follower-supplier and a dominant-retailer.Second, we combine emission reduction and 
channel decisions in our model, in contrast to the current literature in which emission reduction and 
channel decisions are analyzed separately. Third, our study investigates the impact of service 
spillovers on emission reduction and channel decisions.To the best of our knowledge,our paper is the 
first to combine service spillovers in decisions of emission reduction and channel options. 

3. The Model  

We consider a supply chain consisting of a supplier (she) and an independent retailer(he). The 
supplier, as the Stackelberg leader of the green supply chain,needs to first determine the emission 
reduction level 𝑒and wholesale price 𝑤at first. Meanwhile, if a direct channel is established(with the 
fixed cost 𝐹),the supplier must also decide her output quantity𝑞௦. After that, the retailer buys at 
wholesale with the order quantity𝑞௥, and decides his service levels𝑠(if any).Ultimately, consumers 
buy the product through either the direct channel (if it exists) or the retail channel. The related 
variables are summarized in Table 1. 

Table 1. Notations for parameters and variables. 

Model Parameters 𝑎 Potential demand of market 𝛽 Low-carbon preference coefficient 𝛾 Service sensitivity coefficient 𝑐 Unit production cost(a non negative constant) 𝜃 Cost coefficient of emission reduction 𝐹 Fixed cost of the direct channel 𝑘 The substitution degree between dual channels 𝜂 Degree of service spillover 𝑝௜ Unit retail/direct price 𝑝௘ Unit carbon price 
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𝑒0 
Initial unit amount of carbonemissions from production 

process 𝑚 Total carbon quotas 

Decision variables 𝑞௜ Order/output quantity 𝑒 Emission reduction level 𝑠 Retail service level 𝑤 Unit wholesale price  

Where 𝑖 = 𝑟 represents the retailer and 𝑖 = 𝑠 represents the supplier 

Especially, we use '*' to denote the optimal solution. 

This paper analyzes the influence of retail services and the service spillover effect on emission 
reduction and channel decisions. Hence, we ignore the model of single direct channel, where the 
retailer is not involved in the supply chain. On this basis, we discuss four different scenarios: a setting 
with and without retail services under a single-channel and a setting with and without retail services 
under a dual-channel structure. To establish ou model, we make the following assumptions, with 
reference to the literature: 

Assumption 1. The unit production cost 𝑐 is a non negative constant, and the inventory cost is 
ignored. The total carbon emission of unit production is related to𝑞௜, and a higher amount of emission 
reduction 𝑒 will increase the unit cost of carbon abatement(Du et al., 2013). Thus, the cost function 

of emission reduction is denoted as ఏ௘మଶ (Peng et al., 2018), where 𝜃represents the cost coefficient of 

emission abatement. In order to ensure the profit functions are concave, we assume that 𝜃 > 𝜃ଵ(see 
Appendix B), which followsWang et al. (2016) and Hong and Guo(2019). The service cost function is 
denoted by 𝜙𝑠ଶ/2, where𝑠represents the retail service level, and 𝜙is the cost coefficient of services 
which is normalized in the model to emphasize the impact of the emission reduction cost. 

Assumption 2. The potential demand of the market is sufficient, and consumers not only have low-
carbon awareness but are also glad to receive the consumer services from the retailer. Meanwhile, 
consumers are able to learn about a product's degree of carbon abatement through a low-carbon label 
system (Yalabik & Fairchild, 2011). In the presence of an Internet channel, some consumers may first 
experience retail services in brick-and-mortar stores,but eventually choose cheaper products from an 
online store. On this basis, we follow Xia and Niu (2019)in assuming that the service activities in the 
retail channel may spill over to the Internet channel with a certain spillover degree𝜂 (0 < 𝜂 < 1). 
Furthermore, we assume that 𝑠 and 𝜂 can be observed by the supplier.  

Assumption 3. The substitution degree 𝑘also indicates the degree of competition between the retail 
channel and the direct online channel, and we assume that one channel cannot be completely replaced 
by the other (0 < 𝑘 < 1). 

Assumption 4. When a dual-channel coexists in the market, the utility function for consumers is 𝑈 =𝑎(𝑞௥ + 𝑞௦) − (𝑞௥ଶ + 𝑞௦ଶ)/2 − 𝑘𝑞௥𝑞௦ + 𝛽𝑒(𝑞௥ + 𝑞௦) + 𝛾𝑠(𝑞௥ + 𝜂𝑞௦) − 𝑝௥𝑞௥ − 𝑝௦𝑞௦ , where 𝛽 and 𝛾represent consumers' low-carbon preference and service sensitivity respectively (𝛽, 𝛾 > 0). On this 
basis, consumer demand for the low-carbon product can be captured by the inverse demand function 
as follows: 𝑝௥ = 𝑎 − 𝑞௥ − 𝑘𝑞௦ + 𝛽𝑒 + 𝛾𝑠𝑝௦ = 𝑎 − 𝑞௦ − 𝑘𝑞௥ + 𝛽𝑒 + 𝜂𝛾𝑠   (1) 
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4. Equilibrium solutions and discussions in four scenarios 

4.1. Single-channel structure 

We consider a benchmark setting in which the product only sells via the traditional retail 
channel. At first, the supplier determines her green level𝑒and the whole sale price 𝑤 for the retail 
channel. Subsequently, the retailer decides his order quantity𝑞௥and services level𝑠(if any). Under the 
single-channel structure, the profit function of the retailer and the supplier are: Π௥ = (𝑝௥ − 𝑤)𝑞௥ − ଵଶ 𝑠ଶ,   (2) 

Πௌ = (𝑤 − 𝑐)𝑞௥ − ఏଶ 𝑒ଶ,  (3) 

Π = Π୰ + Π୒ = (p୰ − c)q୰ − ஘ଶ eଶ − ଵଶ sଶ.  (4) 

We use "𝑁" to denote no retail services. In this scenario, the retailer's optimizes decisions through 
the following objective function: MaxΠ௥ே௤ೝ = (𝑎 − 𝑞௥ + 𝛽𝑒 − 𝑤)𝑞௥ .  (5) 

The optimization of Eq (5) yields the following optimal order quantity: 𝑞௥ே(𝑤, 𝑒) = (𝑎 − 𝑤 +𝛽𝑒)/2. Then, substituting𝑞௥ே(𝑤, 𝑒)into Eq (3)leads to the supplier's objective function as follows: MaxΠ௦ே௪,௘ = (𝑤 − 𝑐) ௔ି௪ାఉ௘ଶ − ఏଶ 𝑒ଶ  (6) 

The first-order condition of Eq (6) yields the optimal wholesale price and the optimal emission 
reduction level as follows: 𝑤ே∗ = [2𝜃(𝑎 + 𝑐) − 𝑐𝛽ଶ]/(4𝜃 − 𝛽ଶ) ; 𝑒ே∗ = 𝛽(𝑎 − 𝑐)/(4𝜃 −𝛽ଶ).Then,substituting(𝑤ே∗,𝑒ே∗) into 𝑞௥ே(𝑤, 𝑒), Eq (5), and Eq (6), leading to the equilibrium outcomes 
of scenario𝑁as shown in Table 2. 

Second, we use "𝑆"to denote a setting with retail services. In scenario 𝑆,the retailer needs to 
decide the order quantity𝑞௥and the service level𝑠to maximize his profits. On this basis, the objective 
function of the retailer is determined as follows: MaxΠ௥ௌ௤ೝ,௦ = (𝑎 − 𝑞௥ + 𝛽𝑒 + 𝛾𝑠 − 𝑤)𝑞௥ − 12 𝑠ଶ. (7) 

The first-order condition of Eq (7)yields the optimal order quantity and the optimal service level 
as follows: 𝑞௥ௌ(𝑤, 𝑒) = (𝑎 − 𝑤 + 𝛽𝑒)/(2 − 𝛾ଶ); 𝑠ௌ(𝑤, 𝑒) = 𝛾(𝑎 − 𝑤 + 𝛽𝑒)/(2 − 𝛾ଶ) . Substituting 𝑞௥ௌ(𝑤, 𝑒) and 𝑠ௌ(𝑤, 𝑒) into Eq (3) leads to the supplier's objective function as follows: MaxΠ௦ௌ௪,௘ = 𝑤 ௔ି௪ାఉ௘ଶିఊమ − ఏଶ 𝑒ଶ  (8) 

Similarly, we can derive 𝑤ௌ∗ and 𝑒ௌ∗ from Eq (8), and then the equilibrium outcomes of 
scenario𝐸can obtained by substituting (𝑤ௌ∗,𝑒ௌ∗) into 𝑞௥ௌ(𝑤, 𝑒), 𝑠ௌ(𝑤, 𝑒), Eq(7), and Eq (8). 

Lemma1. When the supplier only distributes through the direct channel, the equilibrium outcomes 
are shown in Table 2. 

Table 2. The equilibrium outcomes under the single-channel structure. 

 Scenario𝑁 Scenario𝑆 𝑒∗ 
𝛽(𝑎 − 𝑐)
4𝜃 − 𝛽2

 
𝛽(𝑎 − 𝑐)

4𝜃 − 2𝜃𝛾2 − 𝛽2
 

𝑤∗ 
2𝜃(𝑎 + 𝑐) − 𝑐𝛽2

4𝜃 − 𝛽2
 

𝜃(𝑎 + 𝑐)(2 − 𝛾2)−𝑐𝛽2

4𝜃 − 2𝜃𝛾2 − 𝛽2
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𝑞௥∗ 
𝜃(𝑎 − 𝑐)
4𝜃−𝛽2

 
𝜃(𝑎 − 𝑐)

4𝜃 − 2𝜃𝛾2 − 𝛽2
 

𝑝௥∗ 
3𝑎𝜃 + 𝑐(𝜃 − 𝛽2)

4𝜃 − 𝛽2
 

𝑎𝜃(3 − 𝛾2) + 𝑐[(1 − 𝛾2)𝜃 − 𝛽2]
4𝜃 − 2𝜃𝛾2 − 𝛽2

 

Π௥∗  
(𝑎 − 𝑐)2𝜃2(4𝜃 − 𝛽2)2

 
(2 − 𝛾2)𝜃2(𝑎 − 𝑐)2

2(4𝜃 − 2𝜃𝛾2 − 𝛽2)2
 

Π௦∗ 
𝜃(𝑎 − 𝑐)2

8𝜃 − 2𝛽2
 

𝜃(𝑎 − 𝑐)2

2(4𝜃 − 2𝜃𝛾2 − 𝛽2) 

𝑠∗ — 
𝛾𝜃(𝑎 − 𝑐)

4𝜃 − 2𝜃𝛾2 − 𝛽2
 

Proposition1. Under the single-channel structure, both the retailer and the supplier will be better off 
from the presence of retail services. The equilibrium outcomes of the two scenarios are compared as 
follows：𝑞௥ௌ∗ > 𝑞௥ே∗; 𝑒ௌ∗ > 𝑒ே∗;Π௥ௌ∗ > Π௥ே∗; Π௦ௌ∗ > Π௦ே∗. 

Proposition1indicates that the optimal emission reduction level and profits of supply chain 
members are positively affected by the presence of services under a single-channel structure. 
Specifically, the sales growth in brick-and-mortar stores also sees the supplier benefit from the 
increase in orders in the retail market(i.e.,𝑞௥ௌ∗ > 𝑞௥ே∗). On this basis, the retailer can compensate for the 
emission abatement investment of the supplier by attracting more consumers to buy green products. 
This compensation fully encourages green production, even if suppliers are not directly involved in 
providing services, and still promote the improvement of the optimal emission reduction level 
(i.e.,𝑒ௌ∗ > 𝑒ே∗). Ultimately, retail services further expands the retail market when consumers have 
both a low-carbon preference and service sensitivity, resulting in a win-win outcome. 

Corollary 1.(i) 𝜕(Π௦ௌ∗ − Π௦ே∗)/𝜕𝛽 > 0, 𝜕(Π௥ௌ∗ − Π௥ே∗)/𝜕𝛽 > 0,𝜕(𝑒ௌ∗ − 𝑒ே∗)/𝜕𝛽 > 0,𝜕𝑠ௌ∗/𝜕𝛽 > 0; 

(ii)𝜕(Π௦ௌ∗ − Π௦ே∗)/𝜕𝜃 < 0, 𝜕(Π௥ௌ∗ − Π௥ே∗)/𝜕𝜃 < 0,𝜕(𝑒ௌ∗ − 𝑒ே∗)/𝜕𝜃 < 0. 𝜕𝑠ௌ∗/𝜕𝜃 < 0. 

Corollary 1states that the retailer will take the degree of greenness as the major selling point for 
the promotion of low-carbon products when consumers have a strong environmental consciousness. 
As 𝛽increases, the retailer has more incentive to make their services available for customers, thus 
promoting the green product more effectively through pre-sale services under the single-channel 
structure (i.e., 𝜕𝑠ௌ∗/𝜕𝛽 > 0 ). However, if consumers are more sensitive to product prices(i.e., 𝛽decreases and approaches 0),the retailer will order less and reduce service costs to adjust retail price. 
This is also the reason that the optimal service level decreases with the rising unit costs of emission 
abatement (i.e., 𝜕𝑠ௌ∗/𝜕𝜃 < 0). With a shrinking green products market,the supplier decreases their 
investment in emission reductions, which eventually leads to a decline in the optimal emission 
reduction level. 

A direct managerial implication from Proposition 1 and Corollary 1 is that according to different 
market requirements,the supplier and the retailer in the green supply chain can improve or reduce 
the added value of products through carbon reduction and service activities, respectively. This 
cooperation between supply chain members enables them to focus on their core business, thereby 
improving the efficiency of green production and distribution. 

4.2. Dual-channel structure 

The Internet and e-commerce enables consumers to search, compare, and purchase products on 
electronic devices.While online shopping can offer consumers greater convenience and variety, there 
is greater unpredictability in product quality, as the consumer cannot physically see or interact with 
the product before purchase. As a result, some customers intuitively evaluate products and receive 
pre-sale services in brick-and-mortar stores, before choosing to buy cheaper products from online 
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stores(Chen et al., 2012).That is,retail services offered through the traditional channel may spill over 
to the Internet channel when the supplier encroaches on the market.Here, we investigate the impact 
of the service spillover effect on emission abatement by comparing the models in settings with and 
without retail services. When a dual-channel coexists in the market,the supplier needs to first 
determine the output quantity of the direct channel 𝑞௦ , unit wholesale price 𝑤 , and the carbon 
emission abatement level 𝑒 . Afterwards, the retailer decides the order quantity of retail 
channel 𝑞௥and the retail service level 𝑠(if any). Hence, under the dual-channel structure, the profit 
function of the retailer and the supplier are:  Π௥ = (𝑝௥ − 𝑤)𝑞௥ − 𝑠ଶ2  (9) 

Π௦ = 𝑤𝑞௥ + (𝑝௦ − 𝑐)𝑞௦ − ఏ௘మଶ − 𝐹.  (10) 

4.2.1. No service spillovers 

We use"𝑁𝐸"to denote no service offerings under supplier encroachment. Substituting 𝑠 = 0into 
Eq (9) leads to the retailer's objective function in scenario 𝑁𝐸as follows: MaxΠ௥ோ௤ೝ = (𝑎 − 𝑞௥ − 𝑘𝑞௦ + 𝛽𝑒 − 𝑤)𝑞௥ .  (11) 

The optimization of Eq (11) yields the following optimal quantity: 𝑞௥ே஽(𝑤, 𝑒, 𝑞௦) = (𝑎 − 𝑤 −𝑘𝑞௦ + 𝛽𝑒)/2,Then, substituting𝑞௥ே஽(𝑤, 𝑒, 𝑞௦) into Eq (10) leads to the supplier's objective function as 
follows: MaxΠ௦ோ௘,௪,௤ೞ = 𝑤 ௔ି௪ି௞௤ೞାఉ௘ଶ + ቀ𝑎 − 𝑘 ௔ି௪ି௞௤ೞାఉ௘ଶ − 𝑞௦ + 𝛽𝑒 − 𝑐ቁ 𝑞௦ − ఏଶ 𝑒ଶ − 𝐹  (12) 

The first-order condition of Eq(12) yields the optimal wholesale price, the optimal emission 
reduction level, and optimal output quantity as follows: 𝑒ோ∗ = ఉ[௔(ଷିଶ௞)ି௖(ଶି௞)]ଶఏ(ଶି௞మ)ିఉమ(ଷିଶ௞); 𝑤ோ∗ = ఏ(௔ା௖)(ଶି௞మ)ି௖ఉమ(ଷିଶ௞)ଶఏ(ଶି௞మ)ିఉమ(ଷିଶ௞) ; 𝑞௦ோ∗ = ఏ(௔ି௖)(ଶି௞)ଶఏ(ଶି௞మ)ିఉమ(ଷିଶ௞).  

Substituting ( 𝑒ோ∗ , 𝑤ோ∗, 𝑞௦ோ∗ ) into 𝑞௥ே஽(𝑤, 𝑒, 𝑞௦) , Eq(11) and (12),leads to the equilibrium 
outcomes of scenario 𝑁𝐸 as shown in Table 3. 

Table 3. The equilibrium outcomes in the setting without retail services. 

 Scenario𝑁 (if𝐹 > 𝐹1) Scenario𝑁𝐸 (if0 < 𝐹 < 𝐹1) 𝑒∗ 
𝛽(𝑎 − 𝑐)
4𝜃 − 𝛽2

 
𝛽[𝑎(3 − 2𝑘) − 𝑐(2 − 𝑘)]
2𝜃(2 − 𝑘2) − 𝛽2(3 − 2𝑘) 

𝑤∗ 
2𝜃(𝑎 + 𝑐) − 𝑐𝛽2

4𝜃 − 𝛽2
 

𝜃(𝑎 + 𝑐)(2 − 𝑘2) − 𝑐𝛽2(3 − 2𝑘)
2𝜃(2 − 𝑘2) − 𝛽2(3 − 2𝑘)  

 𝑞௥∗ 
𝜃(𝑎 − 𝑐)
4𝜃−𝛽2

 
𝜃(𝑎 − 𝑐)(1 − 𝑘)

2𝜃(2 − 𝑘2) − 𝛽2(3 − 2𝑘) 

𝑝௥∗ 
3𝑎𝜃 + 𝑐(𝜃 − 𝛽2)

4𝜃 − 𝛽2
 

𝑎𝜃(3 − 𝑘 − 𝑘2) + 𝑐[𝜃(1 + 𝑘 − 𝑘2) − 𝛽2(3 − 2𝑘)]
2𝜃(2 − 𝑘2) − 𝛽2(3 − 2𝑘)  

Π௥∗  
(𝑎 − 𝑐)2𝜃2(4𝜃 − 𝛽2)2

 
𝜃2(𝑎 − 𝑐)2(1 − 𝑘)2

2𝜃(2 − 𝑘2) − 𝛽2(3 − 2𝑘) 

Π௦∗ 
𝜃(𝑎 − 𝑐)2

8𝜃 − 2𝛽2
 

𝜃(𝑎 − 𝑐)2(3 − 2𝑘)
4𝜃(2 − 𝑘2) − 2𝛽2(3 − 2𝑘) − 𝐹 

𝑞௦∗ — 
𝜃(𝑎 − 𝑐)(2 − 𝑘)

2𝜃(2 − 𝑘2) − 𝛽2(3 − 2𝑘) 
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𝑝௦∗ — 
𝜃(𝑎 + 𝑐)(2 − 𝑘2) − 𝑐𝛽2(3 − 2𝑘)

2𝜃(2 − 𝑘2) − 𝛽2(3 − 2𝑘)  

Lemma2. In the context of no retail services offered, the supplier prefers to encroach through 
opening a direct channel, given that the fixed cost of establishing the direct channel is below a 
threshold (i.e., 0 < 𝐹 < 𝐹1). However, when the fixed cost of establishing the direct channel is 
above the threshold, the supplier will distribute through the retail channel only. The equilibrium 
outcomes of the model are concluded in Table 3. 

Where 𝐹ଵ = ఏమ(௔ି௖)మ(ଶି௞)మ(ସఏିఉమ)[ଶఏ(ଶି௞మ)ିఉమ(ଷିଶ௞)]. 
Lemma 2 shows that with the increase of consumers' low-carbon awareness, the supplier is more 

willing to encroach through opening a direct channel (𝜕𝐹1/𝜕𝛽 < 0 ). However, when emission 
reduction costs are significantly high, or supplier encroachment may lead to intensive channel 
competition, the supplier will choose to maintain the single-channel structure(𝜕𝐹1/𝜕𝑘 > 0;𝜕𝐹1/𝜕𝜃 >0). Moreover, if the retailer is ordering in the context of no retail services, there is no difference 
between the wholesale and retail purchase from online stores under a dual-channel structure(i.e., 𝑤ோ∗ = 𝑝௦ோ∗ ), which also means that the supplier can get the maximum price advantage in the 
channel competition.In other words, the supplier can gain a competitive edge and expand her market 
share by providing price concessions to consumers. On this basis, we further analyze whether 
supplier encroachment necessarily results in a margins loss for the retail channel,as shown in 
Proposition 2. 

Proposition 2. (i)𝑒ோ∗ > 𝑒ே∗,𝑤ோ∗ > 𝑤ே∗,Π௦ோ∗ > Π௦ே∗;(ii)Π௦ோ∗ > Π௦ே∗ if0 < 𝐹 < 𝐹1 ,otherwise Π௦ோ∗ <Π௦ே∗ ;(iii)Π௥ோ∗ < Π௥ே∗and 𝑚𝑟ோ∗ < 𝑚𝑟ே∗if 𝛽 < Min(𝛽ଵ, 1); whileΠ௥ோ∗ > Π௥ே∗  and 𝑚𝑟ோ∗ > 𝑚𝑟ே∗if𝛽 >Max(0, 𝛽ଵ). 
Where𝛽ଵ = √2𝑘𝜃,𝑚𝑟ோ∗ = 𝑝௥ோ∗ − 𝑤ோ∗ and 𝑚𝑟ே∗ = 𝑝௥ே∗ − 𝑤ே∗. 

Proposition 2 indicates that under encroachment, the supplier's profits and the optimal emission 
reduction level are both better off. In addition, it seems reasonable that the supplier will set a higher 
wholesale price with the improvement of emission reductions. But, in fact, an increase in the 
wholesale price is not due to only the increasing investment in green production, but also 
corresponds to the aforementioned channel competition. We can observe that with the strategy of no 
retail services, the retailer lacks effective measures to cope with potential channel competition, which 
often leads to a squeeze on the retail market under supplier encroachment. As a result,the induced 
channel competition by supplier encroachment lowers the retailer's optimal profits, unless the low-
carbon preference of consumers is sufficiently high. On the other hand, when consumers have a 
strong sense environmental consciousness, the retailer's marginal revenue under a dual-channel 
structure is higher than that under a single-channel structure(i.e.,𝑚𝑟ோ∗ > 𝑚𝑟ே∗, when𝛽 > 𝛽ଵ). This 
means that in the dual-channel supply chain, the supplier can create enough of a margin from their 
enhanced investment in emission abatement, because consumers are willing to pay a higher price for 
low-carbon products. Thus, in the setting without retail services, the retailer can benefit from supplier 
encroachment if and only if 𝛽 > 𝛽ଵ.  

Corollary 2. (i)𝜕(Π௦ோ∗ − Π௦ே∗)/𝜕𝛽 > 0, 𝜕(Π௥ோ∗ − Π௥ே∗)/𝜕𝛽 > 0,𝜕(𝑒ோ∗ − 𝑒ே∗)/𝜕𝛽 > 0; 
(ii)𝜕(Π௦ோ∗ − Π௦ே∗)/𝜕𝑘 < 0, 𝜕(Π௥ோ∗ − Π௥ே∗)/𝜕𝑘 < 0,𝜕(𝑒ோ∗ − 𝑒ே∗)/𝜕𝑘 < 0 . 
Corollary 2demonstrates that the increasing low-carbon preference of consumers promotes 

emission reduction investments from the supplier, which is conducive to achieving a win–win 
outcome under supplier encroachment. However,neither the supplier nor the retailer would benefit 
from encroachment if the competition between both channels intensifies. In other words, the benefits 
brought by green production may be completely lost in channel competition, and,therefore, the 
supplier will prefer to adopt a single-channel strategy in this context. 
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As reported in Proposition 2 and Corollary 2, the retailer's free riding of emission reductions 
could eventually lead to a decline in his marginal revenue when the supplier adopts an aggressive 
channel competition strategy. But, when products are distributed through the retail channel, retailers 
often have service advantages with which they can win more consumer trust,through in-person 
interaction. Moreover, the services offered in the offline channel also helps maintain customer 
relationships, market products, and advertise the greenness of their products, thus eventually 
promoting sales also in the direct channel. On this basis, both upstream and downstream firms can 
complete the cross-enterprise division of emission reductions in the dual-channel supply chain. We 
elaborate on this in the following section on the service spillover effect. 

4.2.2. Service spillover  

In the scenario of the presence of retail services under supplier encroachment, we consider both 
the output quantity of direct channel 𝑞௦and the retail service level 𝑠. In the scenario𝑆𝐸, the objective 
function of the retailer is: MaxΠ௥ௌா௦,௤ೝ = (𝑎 − 𝑞௥ − 𝑘𝑞௦ + 𝛽𝑒 + 𝛾𝑠 − 𝑤)𝑞௥ − ௦మଶ   (13) 

The optimization of Eq(14) yields the optimal order quantity and the optimal service level as 
follows: 𝑠ௌா(𝑤, 𝑞௦, 𝑒) = ఊ(௔ି௪ି௞௤ೞାఉ௘)ଶିఊమ ,𝑞௥ௌா(𝑤, 𝑞௦, 𝑒) = ௔ି௪ି௞௤ೞାఉ௘ଶିఊమ .   

Then, substituting 𝑞௥ௌா(𝑤, 𝑞௦, 𝑒) and 𝑠ௌா(𝑤, 𝑞௦, 𝑒) into Eq(13) leads to the supplier's objective 
function as follows: MaxΠ௦ௌா௘,௪,௤ೞ = (𝑤 − 𝑐)𝑞௥ௌா(𝑤, 𝑞௦, 𝑒) + [𝑎 − 𝑞௦ − 𝑘𝑞௥ௌா(𝑤, 𝑞௦, 𝑒) + 𝛾𝑠ௌா(𝑤, 𝑞௦, 𝑒) + 𝛽𝑒 − 𝑐]𝑞௦ − ఏ௘మଶ   (14)

The first-order condition of Eq (14) yields the optimal wholesale price, the optimal emission 
reduction level, and the optimal output quantity as follows: 𝑒ௌா = ଶఉ୴య(௔ି௖)௭ ;𝑤ௌா = ఏ൛ଶ୴ల(௔ା௖)ାఎఊమൣ௖(୴ఱାଵ)ା௔൫ଷ௞ାఊమିଶ൯൧ି௔ఊరఎమൟିଶ௖୴యఉమ௭ ; 𝑞௦ாா = ఊఏ(௔ି௖)(ଶ୴యି୴మ)௭   

where 𝑧 and vଵ~v଺are shown in Appendix 2. 
Substituting ( 𝑒ௌா∗ , 𝑤ௌா∗, 𝑞௦ௌா∗ ) into 𝑠ௌா(𝑤, 𝑞௦, 𝑒) , 𝑞௥ௌா(𝑤, 𝑞௦, 𝑒) Eq(13) and(14), respectively, we 

obtain the equilibrium outcomes of scenario 𝑆𝐸 as shown in Table 4. 

Lemma 3. In the setting with retail services,the supplier prefers to encroach on the market if the 
fixed cost of the direct channel is relatively low (i.e., 0 < 𝐹 < 𝐹2 < 𝐹1); otherwise, the supplier 
will still distribute through the retail channel only. The equilibrium outcomes of the model are 
concluded in Table 4. 

Where 𝐹ଶ = 𝜃2v22(𝑎−𝑐)2𝑧(4𝜃−2𝜃𝛾2−𝛽2). 
Table 4. The equilibrium outcomes in the setting with retail services. 

 Scenario𝐸 (if𝐹 > 𝐹2) Scenario𝑆𝐸 (if 0<𝐹 < 𝐹2) 𝑒∗ 
𝛽(𝑎 − 𝑐)

4𝜃 − 2𝜃𝛾2 − 𝛽2
 

2𝛽v3(𝑎 − 𝑐)𝑧  

𝑤∗ 
𝜃(𝑎 + 𝑐)(2 − 𝛾2)−𝑐𝛽2

4𝜃 − 2𝜃𝛾2 − 𝛽2
 

𝜃{2v6(𝑎 + 𝑐) + 𝜂𝛾2[𝑐(v5 + 1) + 𝑎(3𝑘 + 𝛾2 − 2)] − 𝑎𝛾4𝜂𝑧𝑞௥∗ 
𝜃(𝑎 − 𝑐)

4𝜃 − 2𝜃𝛾2 − 𝛽2
 

𝜃(𝑎 − 𝑐)(2 − 2𝑘 + 𝛾2𝜂)𝑧  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 September 2023                   doi:10.20944/preprints202309.0001.v1

https://doi.org/10.20944/preprints202309.0001.v1


 12 

 

𝑝௥∗ 
𝑎𝜃(3 − 𝛾2) + 𝑐[(1 − 𝛾2)𝜃 − 𝛽

4𝜃 − 2𝜃𝛾2 − 𝛽2

𝜃{2𝑐(v5 − 𝑘2) + 2𝑎(v6 + 1 − 𝑘) + 𝜂𝛾2[𝑐v5 + 𝑎(4𝑘 − v5𝑧
Π௥∗  

(2 − 𝛾2)𝜃2(𝑎 − 𝑐)2

2(4𝜃 − 2𝜃𝛾2 − 𝛽2)2
 

𝜃2(2 − 𝛾2)(𝑎 − 𝑐)2(2v3 − v2)2

2𝑧2
 

Π௦∗ 
𝜃(𝑎 − 𝑐)2

2(4𝜃 − 2𝜃𝛾2 − 𝛽2) 
𝜃(𝑎 − 𝑐)2v3𝑧 − 𝐹 

𝑞௦∗ — 
𝜃v2(𝑎 − 𝑐)𝑧  

𝑝௦∗ 
— 𝜃[2v6(𝑎 + 𝑐) + 𝜂𝛾2(𝑎 − 𝑐 + 𝑎𝑘 + 3𝑐𝑘) − 𝑐𝛾4𝜂2] − 2𝑐v3𝑧𝑠∗ 

𝛾𝜃(𝑎 − 𝑐)
4𝜃 − 2𝜃𝛾2 − 𝛽2

 
𝛾𝜃(𝑎 − 𝑐)(2v3 − v2)𝑧  

Different from 𝑝௦ோ∗ =  𝑤ோ∗, as given in Lemma 2, the selling price of the direct channel is higher 
than the wholesale price when retail services are available(i.e., 𝑝௦ௌா∗ > 𝑤ௌா∗).More specifically, the 
supplier's optimal profits will be affected due to the decreased service level if the supplier squeezes 
the retailer's margins by raising the wholesale price. Hence, the supplier not only keeps the price 
advantage of the direct channel by offering a relatively low price but will also provide wholesale 
discounts to the retail channel under service spillovers. In this framework, supplier distribution 
through a dual-channel structure expands total demand by way of service spillovers. When the 
supplier encroaches on the market, the resultant change caused by the service spillover effect is 
summarized in Proposition 3. 

Proposition3. The comparison of equilibrium outcomes between Scenario 𝑁𝐸 and Scenario 𝑆𝐸 are 
as follows: 𝑒ௌா∗ > 𝑒ோ∗;𝑞௦ௌா∗ > 𝑞௦ோ∗; Π௦ௌா∗ > Π௦ோ∗; Π௥ௌா∗ > Π௥ோ∗. 

Proposition 3 directly reflects the influence of the spillover effect, in that the quantity of sales in 
both the retail and direct channels increases with higher total demand for green products, under the 
dual-channel structure.When services spillovers occur, the supplier can increase investment in 
emission abatement to pursue further growth in the green product market, which is also beneficial 
for the retailer, who will gain more profits under supplier encroachment. On this basis, it can be 
demonstrated from the comprehensive analyses of Proposition 1 and Proposition 3 that to cope with 
the changes of the channel environment and compensate for the supplier's emission abatement 
investment, the retailer should correspondingly maintain a certain level of retail services,regardless 
of whether the supplier distributes the low-carbon product through her direct channel. In addition, 
the retailer,as the follower in the supply chain, makes service level decisions affected by the supplier's 
emission abatement and channel decisions. One may expect that the optimal service level𝑠∗changes 
in the same direction as the optimal emission reduction decision𝑒∗. However, the optimal service 
level does not always increase with the improvement of supplier’s emission reduction levels under 
supplier encroachment. We explain this phenomenon further in Proposition 4. 

Proposition 4. The comparison of equilibrium outcomes between Scenario 𝑆𝐸 and Scenario 𝑆 are as 
follows:  

(i)𝑒ௌா∗ > 𝑒ௌ∗;  
(ii)Π௦ௌா∗ > Π௦ௌ∗if0 < 𝐹 < 𝐹2,otherwise Π௦ௌா∗ < Π௦ௌ∗; 
(iii)𝑠ௌா∗ < 𝑠ௌ∗and Π௥ௌா∗ < Π௥ௌ∗ if 𝛽 < Min(𝛽ଶ, 1),while𝑠ௌா∗ > 𝑠ௌ∗and Π௥ௌா∗ > Π௥ௌ∗if𝛽 > Max(0, 𝛽ଶ). 
Where 𝛽ଶ = ඥ𝜃(2𝑘 − 𝛾ଶ𝜂). 

Proposition 4 shows that on the one hand, supplier encroachment is more likely to occur when 
the service spillover effect is strong (𝜕𝐹ଶ/𝜕𝜂 < 0). On the other hand, the increasing degree of 
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spillover also promotes increasing investment in carbon emission abatement under the dual-channel 
structure.From the retailer’s perspective, consumers' attitudes towards green products determines 
whether she can benefit from an improvement in optimal emission reduction levels. Hence, the 
retailer is willing to provide a higher level of retail services only when consumers' low-carbon 
preference increases markedly and reaches a tipping point (i.e., 𝑠ௌா∗ > 𝑠ௌ∗ , when 1 > 𝛽 > 𝛽ଶ ); 
otherwise, he will be worse off from supplier encroachment, leading to a decline in the optimal 
service level (i.e.,𝑠ௌா∗ < 𝑠ௌ∗and Π௥ௌா∗ < Π௥ௌ∗, when 0 < 𝛽 < 𝛽ଶ). In addition, it can be concluded from 𝛽ଵ > 𝛽ଶthat the spillover effect enhances the retailer's ability to gain more revenue from supplier 
encroachment when consumers have a strong awareness of environmental protection (𝜕𝛽ଶ/𝜕𝜂 < 0). 
The reason is that service spillovers have increased the level of emission reduction With service 
spillover, the supplier, who gains more profits from increased demand, will increase her emission 
reduction level (i.e.,𝑒ௌா∗ > 𝑒ௌ∗for all 0 < 𝜂 < 1). Accordingly, the retailer can get returns from the 
rising sales in brick-and-mortar stores and therefore provide improved retail services to consumers. 

Corollary 3. (i)𝜕(Π௦ௌா∗ − Π௦ௌ∗)/𝜕𝛽 > 0, 𝜕(Π௥ௌா∗ − Π௥ௌ∗)/𝜕𝛽 > 0,𝜕(𝑒ௌா∗ − 𝑒ௌ∗)/𝜕𝛽 > 0,  𝜕(𝑠ௌா∗ − 𝑠ௌ∗)/𝜕𝛽 > 0; 
(ii)𝜕(Π௦ௌா∗ − Π௦ௌ∗)/𝜕𝑘 < 0, 𝜕(Π௥ௌா∗ − Π௥ௌ∗)/𝜕𝑘 < 0,𝜕(𝑒ௌா∗ − 𝑒ௌ∗)/𝜕𝑘 < 0, 𝜕(𝑠ௌா∗ − 𝑠ௌ∗)/𝜕𝑘 > 0; 
(iii)𝜕𝑒ௌா∗/𝜕𝜂 > 0for all 0 < 𝜂 < 1, however 𝜕𝑠ௌா∗/𝜕𝜂 < 0if 𝜂 < 𝑀𝑖𝑛(𝜂ଵ, 1), and𝜕𝑠ௌா∗/𝜕𝜂 > 0if 𝜂 > 𝑀𝑎𝑥(0, 𝜂ଵ), especially 𝑠ௌா∗ = 𝑠ோ∗when 𝜂 = 𝜂ଵ. 

Where 𝜂ଵ = √ଶඥఏ(ଵିఊమ)(ఉమିଶఏ)ିଶఏ(ଵି௞)ఏఊమ . 

From Corollary 3(i) and (ii), we know that on the one hand, consumers’ growing environmental 
awareness effectively promotes the cooperation of emission abatement strategies between supply 
chain members, which is similar to the conclusion of Corollary 2. On the other hand, as 𝑘 increases 
approaching1,the retailer's price disadvantage becomes more significant. Hence, intensive channel 
competition decreases order quantity and service inputs from the retailer, ultimately resulting in a 
lower emission reduction level. A high degree of competition between both channels may lead to the 
reduction in Pareto improvement;this perspective has been widely explored in many studies on the 
channel selection of supply chains(Yoon, 2016; Zhang et al., 2020). 

Furthermore, in Corollary 3(iii), we discuss the impact of service spillovers on the emission 
reduction strategy and the service strategy. We offer that a higher degree of service spillover 
contributes to an increase in the direct channel's demand. Therefore, the supplier is more willing to 
enhance her emission reduction level and achieve a higher output quantity in a direct channel. 
However, we find that the service level decreases with a higher degree of service spillover when the 
spillover degree is below a certain threshold (i.e., 𝜕𝑠∗/𝜕𝜂 < 0, when𝜂 < 𝜂ଵ). In contrast, the service 
level of the retailer increases with a higher degree of service spillover when the spillover degree is 
above a certain threshold(i.e., 𝜕𝑠∗/𝜕𝜂 > 0, when 𝜂ଵ < 𝜂 < 1). 

One explanation for this result is that in the relationship between the two firms, the supplier has 
the price superiority and the service disadvantage in the competition between channels. When the 
service spillover degree is sufficiently high, the service disadvantage has no effect on the channel 
competition. Therefore, the supplier is more willing to reduce the wholesale price as a compensation 
for the retailer's service inputs. Although the retailer is limited by the price competition, he finally 
obtains a higher marginal revenue from a lower wholesale price(i.e.,𝜕𝑚௥ௌா∗/𝜕𝜂 > 0, when 𝜂 > 𝜂ଵ). In 
contrast, when the spillover degree is relatively low, the supplier's service disadvantage becomes 
even more pronounced and therefore she needs to ensure a distinct price advantage to attract 
consumers buying online. As a result, the retailer would actually get a lower marginal revenue due 
to the spillover effect even when a certain wholesale discount is provided by the supplier, in this 
situation(i.e.,𝜕𝑚௥ௌா∗/𝜕𝜂 < 0,when 𝜂 < 𝜂ଵ). Further considering the costs of retail services, it is difficult 
for the retailer to make up the disadvantage of the selling price, and finally he has to cut his order 
quantity as well as his inputs in retail services. 

Another possible explanation is that with an increase in emission reduction levels, the promotion 
of green products in the retail market finally makes up for the loss of sales under  supplier 
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encroachment, when the spillover degree is sufficiently high (i.e., 𝜕𝑞௥ௌா∗/𝜕𝜂 > 0, if 𝜂 > 𝜂ଵ). Hence, 
the retailer has a greater incentive to enhance the service level to further expand the demand for green 
products. 

From the above analyses, we find that a higher degree of service spillover is beneficial for the 
retailer in getting greater returns under supplier encroachment, and thus gives rise to a Pareto 
improvement.Although this result differs from the conventional view of service spillovers,there is 
also a perspective that retailers’ efforts towards emission abatement would improve the performance 
of a green supply chain(Ji et al., 2017). This conclusion complements our research, because when retail 
services attract more consumers to buy green products from the direct channel also, and improves 
the optimal emission abatement level, the retailer's service inputs also can be regarded as a joint effort 
towards emission reduction. 

5. Service strategy 

In this section, we analyze the interactions that influence consumers' low-carbon preference and 
service sensitivity to the retailer's service strategy, to obtain managerial insights. According toΠ௥ௌா∗ >Π௥ோ∗ andΠ௥ௌ∗ > Π௥ே∗, the retailer can always get returns from the setting with retail services. This 
implies that when a dual-channel coexists in the market, the retailers have higher profits in the case 
of providing services. 

5.1. Channel decision 

Different from the impact on retailer service strategy, both the increasing low-carbon awareness 
of consumers and their service sensitivity will motivate supplier encroachment, as shown in Figure 
2(𝑎)and Figure 2(𝑏). On the one hand, a higher consumer low-carbon sensitivity coefficient increases 
the margins of the green product's direct sales, thus providing suppliers with a market development 
opportunity. On the other hand, with the service spillover effect, the supplier also benefits from the 
increasing service sensitivity of consumers. In addition, Figure 2(𝑐)and Figure 2(𝑑) show that the 
supplier would open an Internet direct sales channel as long as the cost coefficient of emission 
abatement is modest, or supplier encroachment would not cause an intense competition between 
channels. However, when the channel competition is too fierce, or the emission reduction costs are 
sufficiently high, supplier encroachment is unprofitable. In a market environment, the channel 
substitution degree can be influenced by a multiplicity of product and specific channel conditions, 
which is not discussed in this section. Thus, we assume that the substitution degree between the 
direct channel and retail channel is a constant. On this basis, we summarize the equilibrium results 
of service strategy and channel decisions, as shown in Table5.  

 (𝑎)(𝛾 = 0.5, 𝑘 = 𝜃 = 0.6)   (𝑏)(𝛽 = 0.5, 𝑘 = 𝜃 = 0.6) 
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 (𝑐)(𝛽 = 𝛾 = 0.5, 𝑘 = 0.6)   (𝑏)(𝛽 = 𝛾 = 0.5, 𝜃 = 0.6) 

Figure 2. Comparisons of supplier’s profit in the different scenario. 

5.2. Service strategy 

Under the dual-channel structure, consumer preference has a different impact on the retailer's 
optimal service level, as shown in Figure 3(𝑎) and Figure 3(𝑏). When the low-carbon preference is 
relatively high(i.e.,  𝛽 > 𝛽ଶ ), the retailer benefits from supplier encroachment and then provides 
services to consumers more efficiently. However, even if consumers are more sensitive to retail 
services (i.e., as 𝛾increases and approaches 1), supplier encroachment still leads to a decline in the 
retailer's profits.In other words, due to supplier encroachment and the service spillover effect, the 
benefit from the growth in sales brought by the increasing consumer service sensitivity is largely 
shifted to the supplier. Thus, the mere proliferation of retail services, in the absence of consumers' 
low-carbon awareness, will not realize a Pareto improvement for the whole supply chain. On this 
basis, it can be concluded that compared with the service sensitivity of consumers, their low-carbon 
preference is the more important factor influencing the retailer's service strategy under supplier 
encroachment. 

On the other hand, with higher emission reduction costs or product substitution, supplier 
encroachment will give rise to a decline in service level, as shown in Figure 3(𝑐) and Figure 3(𝑑). 
When the cost of emission reduction is significantly high, in order to keep the price advantage of the 
direct channel,the supplier has to share the cost of emission reduction through increasing wholesale 
prices (see Proposition 2). In this scenario, the distribution of green products through both channels 
at the same time may put greater price pressure on the retailer channel, and also lead to bidirectional 
free riding between retailer's service inputs and supplier's emission reduction investments.Therefore, 
the cost coefficient of emission reduction and the channel substitution degree is the main factor that 
affects emission abatement cooperation between supply chain members, which we discuss in the 
following analysis of the supplier's channel decision. 

 (𝑎)(𝛾 = 0.5, 𝑘 = 𝜃 = 0.6)   (𝑏)(𝛽 = 0.5, 𝑘 = 𝜃 = 0.6) 
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 (𝑐)(𝛽 = 𝛾 = 0.5, 𝑘 = 0.6)   (𝑏)(𝛽 = 𝛾 = 0.5, 𝑘 = 0.6) 

Figure 3. Comparisons of retailer's profit in different scenarios. 

Table 5. Equilibrium analysis between the retailer's service strategy and the supplier's channel 
decision. 

 if 0 < 𝛽 < 𝛽2 if 𝛽 > 𝛽2 

When 𝜃2 < 𝜃 < 𝜃3 

The supplier's channel decision: 

encroach on the market by 

opening an Internet channel. 

The retailer's service strategy: 

diminish service inputs. 

The supplier's channel decision: 

encroach on the market by 

opening an Internet channel. 

The retailer's service strategy:raise 

the service level. 

When 𝜃 > 𝜃3 

The supplier's channel 

decision:distribute through the 

retail channel only. 

The retailer's service strategy: 

diminish service inputs. 

The supplier's channel decision: 

distribute through the retail 

channel only. 

The retailer's service strategy:raise 

the service level. 

6. Extended discussion 

In this section, we investigate equilibrium solutions under a CCT mechanism to verify the 
robustness of the above analysis and its conclusions. Referring to the description of a CCT mechanism 
by Yi and Li (2018) and Yuan et al. (2020), the profit function of the retailer and the supplier in the 
dual-channel supply chain are described as follows (relevant variables are marked with '~'): Π෩௥  = (𝑝௥ − 𝑤)𝑞௥ − ଵଶ 𝑠ଶ  (15) 

Π෩௦ = (𝑤 − 𝑐)𝑞௥ + (𝑝௦ − 𝑐)𝑞௦ − [(𝑒଴ − 𝑒)(𝑞௥ + 𝑞௦) − 𝑚]𝑝௘ − 𝜃𝑒ଶ/2 − 𝐹  
(156

) 

Similar to the analysis in Section 4, if the product distributes through the retail channel only, 
then let𝑞෤௦ = 0, and if retail services are unavailable, then let 𝑠̃ = 0. Using backward induction, we 
can obtain the equilibrium solutions of different scenarios, as shown in Table 6. 

Table 6. The equilibrium outcomes under a cap-and-trade mechanism. 

 Scenario𝑁 Scenario𝐸 Scenario𝑁𝐸 Scenario𝑆𝐸 𝑒̃∗ 
(𝑝௘ + 𝛽)v෤2

v෤1
 

(𝑝௘ + 𝛽)v෤2

v෤1 − 2𝜃𝛾2
 

v෤2v෤5𝜃(2 − 𝑘2) − v෤5(𝑝௘ + 𝛽) 
2(𝑝௘ + 𝛽)v෤2v3𝜃v෤8 − 2v3(𝑝௘ + 𝛽) 
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𝑤෥ ∗ 

2�(2� − v෤2)
v෤1− (𝑝௘ + 𝛽)v෤3

v෤1
 

�(2� − v෤2)(2 − �2

v෤1 − 2��2

− (𝑝௘ + 𝛽)v෤3

v෤1 − 2𝜃𝛾2
 

𝜃(2 − 𝑘2)(2𝑎 − v෤2) − v෤3v෤𝜃(2 − 𝑘2) − v෤5(𝑝௘ + 𝛽)
�(�v෤6 + �v෤7 − v෤2v෤7)
�v෤8 − 2v3(�� + �)− 2(𝑝௘ + 𝛽)v෤3v3𝜃v෤8 − 2v3(𝑝௘ + 𝛽) 

𝑞෤௥∗ 
𝜃v෤2

v෤1
 

𝜃v෤2

v෤1 − 2𝜃𝛾2
 

𝜃(1 − 𝑘)v෤2𝜃(2 − 𝑘2) − v෤5(𝑝௘ + 𝛽) 
𝜃(2v3 − v2)v෤2𝜃v෤8 − 2v3(𝑝௘ + 𝛽) 

𝑝෤௥∗ 

�v෤4

v෤1− (𝑎 − v෤2)(v෤1 − v෤4

v෤1

�(v෤4 − ��2)
v෤1 − 2��2

− (𝑎 − v෤2)(v෤1 − v෤4

v෤1 − 2𝜃𝛾2

�[2�(2 − �2) − (1 + � −
�(2 − �2) − v෤5(�� +− v෤3v෤5𝜃(2 − 𝑘2) − v෤5(𝑝௘ + 𝛽) 

��(v෤
6

+ v෤7)
�v෤8 − 2v3(�� + �)− 2(�� + �)v3v෤3

�v෤8 − 2v3(�� + �)− 𝜃(v෤7 − 2 + 2𝑘 − 𝜂𝛾2)v෤2𝜃v෤8 − 2v3(𝑝௘ + 𝛽)  

Π෩ ௥∗  
𝜃2v෤2

2

v෤1
2

 
𝜃2(2 − 𝛾2)v෤2

2

2(v෤1 − 2𝜃𝛾2)2
 

𝜃2(1 − 𝑘)2v෤2
2[𝜃(2 − 𝑘2) − v෤5(𝑝௘ + 𝛽)]2

𝜃2(2 − 𝛾2)v෤2
2(2v3 − v2)2

2[𝜃v෤8 − 2v3(𝑝௘ + 𝛽)]2
 

Π෩ ௦∗ 𝑚𝑝௘ + 𝜃v෤2
2

2v෤1
 

𝑚𝑝௘+ 𝜃v෤2
2

2(v෤1 − 2𝜃𝛾2) 

𝑚𝑝௘ − 𝐹+ 𝜃(3 − 2𝑘)v෤2
2

2[𝜃(2 − 𝑘2) − v෤5(𝑝௘ + 𝛽
𝑚𝑝௘ − 𝐹+ 𝜃v3v෤2

2𝜃v෤8 − 2v3(𝑝௘ + 𝛽) 

𝑞෤௦∗ — — 
𝜃(2 − 𝑘)v෤2𝜃(2 − 𝑘2) − v෤5(𝑝௘ + 𝛽) 

𝜃(2v3 − v2)v෤2𝜃v෤8 − 2v3(𝑝௘ + 𝛽) 

𝑝෤௦∗ — — 
𝜃(2 − 𝑘2)(2𝑎 − v෤2) − v෤3v෤𝜃(2 − 𝑘2) − v෤5(𝑝௘ + 𝛽)

��(v෤
6

+ v෤7)
�v෤8 − 2v3(�� + �)− 2(�� + �)v3v෤3

�v෤8 − 2v3(�� + �)− 𝜃[v෤7 + 𝜂𝛾2(1 − 𝛾2)]v෤2𝜃v෤8 − 2v3(𝑝௘ + 𝛽)  

𝑠̃∗ — 
𝛾𝜃v෤2

v෤1 − 2𝜃𝛾2
 — 

𝛾𝜃(2v3 − v2)v෤2𝜃v෤8 − 2v3(𝑝௘ + 𝛽) 

Where v෤ଵ~v෤଼are shown in Appendix 2. 

Proposition 5. Under a CCT mechanism, when the fixed cost is below a certain threshold (i.e., 0 <𝐹 < 𝐹ଷ), we reach the following conclusions: 
(i)𝑒̃ௌா∗ > 𝑒̃ௌ∗ > 𝑒̃ே∗and 𝑒̃ௌா∗ > 𝑒̃ோ∗; 
(ii) Π෩௦ௌா∗ > Π෩௦ோ∗ and Π෩௦ௌா∗ > Π෩௦ா∗ > Π෩௦ே∗; 
(iii) 𝑠̃ௌா∗ < 𝑠̃ா∗ and Π෩௥ௌா∗ < Π෩௥ா∗ if 𝛽 < Min(𝛽ଶ − 𝑝௘ , 1 , while 𝑠̃ௌா∗ > 𝑠̃ா∗ and Π෩௥ௌா∗ < Π෩௥ா∗ , if  𝛽 >Max(0, 𝛽ଶ). 

Where𝐹ଷ = ఏమ୴෥మమ(ଶ୴యି୴మ)మ(୴෥భିଶఏఊమ)[ఏ୴෥ఴିଶ୴య(௣೐ାఉ)]. 
Proposition 5 demonstrates even if we consider the influence of low-carbon policies, the supplier 

still prefers to invest in emission reduction under the dual-channel structure rather than a single-
channel structure. Interestingly, the retailer is more likely to benefit from supplier encroachment 
under a CCT mechanism. This is because on the one hand, if carbon is priced, the unit carbon 

price 𝑝௘effectively motivates the supplier to reduce carbon emissions (i.e., డ௘̃∗డ௣೐ < 0for all scenarios in 

a CCT mechanism). On the other hand, when consumers' low-carbon awareness is sufficiently high 
(i.e., 𝛽 > 𝛽ଶ − 𝑝௘), the increased demand for the green product allows the retailer to earn more profits 
from the increase in his contribution margin per unit (similar to Proposition 2). As a result, the 
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implementation of a CCT mechanism gives rise to a win–win outcome when the supplier encroaches 
on the market. The practical significance of this conclusion is that when consumers are 
environmentally conscious, the low carbon policy would enable a partial indirect transfer in the 
benefits from supplier encroachment to the retailer, thereby keeping stability in a dual-channel green 
supply chain system. 

In fact, with the government constructing carbon policies to promote carbon emission 
abatement, the supplier always has more incentive to encroach on the market, especially faced with 
a high unit carbon price (i.e., 𝜕𝐹ଷ/𝜕𝑝௘ < 0). One explanation might be that with the increased carbon 
price, those extra costs of production are undertaken by the supplier. This could push her to capture 
a bigger margin per unit through encroachment (𝑝෤௦∗ − 𝑐 > 𝑤෥ ∗ − 𝑐). Furthermore, in contrast with a 
single-channel structure, the optimal emission reduction level always improves when the supplier 
encroaches on the market in a dual-channel structure (i.e.,𝑒̃ௌா∗ > 𝑒̃ௌ∗and  𝑒෥ ௌா∗ > 𝑒̃ோ∗); thus, she can 
benefit in the form of cost reductions.  

7. Conclusion 

In this paper, we investigate emission reduction and supply chain channel decisions under 
service spillovers by introducing retail services into the green supply chain model. We consider a 
green supply chain system with one supplier as the Stackelberg leader that can distribute the green 
product through dual channels, with one retailer as the follower that can provide retail services for 
customers. On this basis,we fully analyze each firm's optimal decisions in different channel structures 
(i.e., single-channel and dual-channel) and service situations (i.e., retail services are available or not). 
Moreover, to verify our conclusions, we further explore equilibrium outcomes under a CCT 
mechanism. The main findings of this paper are briefly summarized as follows: 

(1) The channel decisions of the supplier primarily depend on the costs of the direct channel. 
The supplier prefers to encroach on the market when the cost of opening a direct channel is relatively 
low; otherwise, she will employ the single-channel strategy, which only distributes through the retail 
channel. Furthermore, a higher degree of service spillovers motivates supplier encroachment when 
retail services are available. 

(2) When consumers have both low-carbon preference and service sensitivity,the purpose of 
dual-channel distribution is not to eliminate the traditional channel, but to increase total demand by 
taking advantage of service spillovers and green production. Thus, if the retailer decides to provide 
retail services in the dual-channel supply chain, the supplier always has the incentive to reduce 
emissions.  

(3) By comparing the optimal service strategies of the retailer in the single-channel and dual-
channel supply chains, we reach three interesting conclusions. Firstly, supplier encroachment could 
motivate the retailer to enhance her service level and help her get more returns from providing retail 
services, as long as the degree of service spillovers is above a threshold. Secondly, compared with 
service sensitivity, consumers' low-carbon preference plays a more decisive role for the retailer's 
service strategies under a dual-channel structure. Thirdly, if supplier encroachment induces intensive 
channel competition, although the emission reduction level of the supplier is still better than that 
under the single-channel structure, the retailer's margins and service inputs will diminish. Therefore, 
the optimal levels of emission abatement and retail services are not positively correlated under 
supplier encroachment. 

(4) Motivated by CCT regulation, the supplier is more willing to encroach on the market through 
the direct channel and increase her investment in the emission reduction level. Meanwhile, if 
consumers have low-carbon preference, the increase of unit carbon price contributes to a win-win 
outcome under the dual-channel structure. 

This research can be extended in many directions. First, in this paper we explore the emission 
reduction decision in a two-echelon supply chain by the usage of a Stackelberg game theoretical 
approach, whereas the bargaining model is wildly used in studies on united price or differential price 
problems with the ‘show rooming effect.’ Thus, this provides an opportunity to investigate emission 
reduction decisions in different service strategies based on the bargaining model. Second, we suppose 
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that the effects on market demand from the supplier's emission reduction level and the retailer's retail 
service level are linearly separable, while ignoring the non-linear situation. Third, our research 
assumes that information in the supply chain is symmetrical, but the supplier may not be able to fully 
grasp the complete service information in practice. On this basis, the decision-making and 
coordination of supply chain members under asymmetric information should also be studied. 
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Appendix A 

A.1. Proof of Lemma1. According to the Eq (6) we can get the Hessian matrix of scenario "𝑁" 

as 𝐻ே = ቎−1 ఉଶఉଶ −𝜃቏ = 𝜃 − ఉమସ > 0.Similarly, the Eq (8)derived the Hessian matrix of scenario “𝑠” as 

𝐻ௌ = ቎− ଶଶିఊమ ఉଶିఊమఉଶିఊమ −𝜃 ቏. Hence, when 𝜃 > 𝜃ଵ, we can obtain |𝐻௉| = ଶఏ(ଶିఊమ)ିఉమ(ଶିఊమ)మ > 0.  

A.2. Proof of Proposition 1. At first, we compare supplier’s optimal decision in different 

scenarios as follows: 𝑤ௌ∗ − 𝑤ே∗ = (௔ି௖)ఉమఊమఏ(ସఏିఉమ)(ସఏିଶఏఊమିఉమ) > 0;𝑒ௌ∗ = ఉ(௔ି௖)ସఏିଶఏఊమିఉమ > ఉ(௔ି௖)ସఏିఉమ = 𝑒ே∗. In the same 

way, we can prove that Π௦ௌ∗ − Π௦ே∗ > 0. Meanwhile, the supplier's profits under different scenarios 

is: Π௥ௌ∗ − Π௥ே∗ = (௔ି௖)మఊమఏమ[଼(ଶିఊమ)ఏమିఉర]ଶ(ସఏିఉమ)మ(ସఏିଶఏఊమିఉమ)మ , adjust the function as: 8(2 − 𝛾ଶ)𝜃ଶ − 𝛽ସ > 4𝜃(4𝜃 − 2𝜃𝛾ଶ −𝛽ଶ) > 0,thus we can obtain that Π௥ா − Π௥ே > 0. Accordingly, we can conclude that both enterprises 
will be better off when retail services are available.  

A.3. Proof of Corollary1. (i) డ௦ೄ∗డఊ = (௔ି௖)ఏ[ଶఏ(ଶାఊమ)ିఉమ]௭భమ > 0 , డ௦ೄ∗డఉ = ଶ௔ఉఊఏ௭భమ > 0 , డ௦ೄ∗డ௞ = ି௔ఉమఊ௭భమ < 0 ; 

(ii)
డ൫ஈೞೄ∗ିஈೞಿ ∗൯డఉ = ସఉఊమఏమ(௔ି௖)మ(௭భାఏఊమ)(ସ௞ିఉమ)మ௭భమ > 0,

డ൫ஈೝೄ∗ିஈೝಿ ∗൯డఉ = ଶఉఊమఏమ(௔ି௖)మ[ఉలା଼ఏమ൫ଶିఊమ൯(ହିଶఊమ)]௭భయ(ସఏିఉమ)య > 0, డ൫௘ೄ∗ି௘ಿ∗൯డఉ = ଶఏఊమ(௔ି௖)మ൛ൣ଼ఏమ൫ଶିఊమ൯ିఉర൧ାଶఉమൣఏ൫ସିఊమ൯ିఉమ൧ൟ(ସ௞ିఉమ)మ௭భమ > 0 ,where 𝑧ଵ = 4𝜃 − 2𝜃𝛾ଶ − 𝛽ଶ , 8𝜃ଶ(2 −𝛾ଶ) > 4𝜃ଶ(2 − 𝛾ଶ)ଶ > 𝛽ସ and 𝜃(4 − 𝛾ଶ) > 4𝜃 − 2𝜃𝛾ଶ > 𝛽ଶ ; (iii)
డ൫ஈೞೄ∗ିஈೞಿ ∗൯డఏ = − ଶఏఉమఊమ(௔ି௖)మ(௭భାఏఊమ)(ସ௞ିఉమ)మ௭భమ <0,

డ൫ஈೝೄ∗ିஈೝಿ ∗൯డఏ = − ఏ௔మఉమఊమ(௔ି௖)మ[ఉలା଼ఏమ൫ଶିఊమ൯(ହିଶఊమ)](ସ௞ିఉమ)య௭భయ < 0,
డ൫௘ೄ∗ି௘ಿ∗൯డఏ = − ଶఉఊమ(௔ି௖)[଼ఏమ൫ଶିఊమ൯ିఉర](ସ௞ିఉమ)మ௭భమ < 0.  

A.4. Proof of Lemma2. According to Eq(12) we can get the Hessian matrix of scenario "𝑁𝐸" 

as:𝐻ோ = ⎣⎢⎢⎢
⎡−1 0 ఉଶ0 𝑘ଶ − 2 𝛽 − ௞ఉଶఉଶ 𝛽 − ௞ఉଶ −𝜃 ⎦⎥⎥⎥

⎤
. According to𝜃ଵ − ఉమ(ଷିଶ௞)ଶ(ଶି௞మ) = ఉమఊమ௏భ(௞)ଶ(ଶି௞మ)௏మ > 0,డ௏భ(௞)డ௞ = 8𝑘(1 + 𝜂) − 2(4 +

6𝜂 + 𝛾ଶ𝜂ଶ) < 0  and lim௞→ଵ 𝑉ଵ(𝑘) = 𝛾ଶ𝜂ଶ , we can prove that 𝜃 > 𝜃ଵ > ఉమ(ଷିଶ௞)ଶ(ଶି௞మ) , thus |𝐻ோ| =ఉమ(ଷିଶ௞)ିଶ(ଶି௞మ)ఏଶ < 0 . Where𝑉ଵ(𝑘) = 4 + 8𝜂 + 3𝛾ଶ𝜂ଶ + 4𝑘ଶ(1 + 𝜂) − 2𝑘(4 + 6𝜂 + 𝛾ଶ𝜂ଶ)and 𝑉ଶ = 8 −4(𝑘ଶ + 𝛾ଶ − 𝑘𝛾ଶ𝜂) − 𝛾ସ𝜂ଶ > 0. In addition, based on the direct channel's output quantity𝑞௦ோ∗, we 
need to guarantee that 𝑞௦ோ  is non negative. According to 𝑎 > 𝑐 and 0 < 𝑘 ≤ 1 , we can obtain 
that𝑞௦ோ > 0. Hence, substituting 𝑒ோ∗, 𝑤ோ∗ and 𝑞௦ோ∗ into Eq (11) and Eq (12) the relevant results 
are given in Table 3. Finally, we can obtain that 𝑝௦ோ∗ =  𝑤ோ∗, thus there is no difference between 

wholesale price and direct price. Moreover, fromΠ௦ோ∗ − Π௦ே∗ = ఏమ(௔ି௖)మ(ଶି௞)మ(ସఏିఉమ)[ଶఏ(ଶି௞మ)ିఉమ(ଷିଶ௞)] − 𝐹, because 

of ఏమ(௔ି௖)మ(ଶି௞)మ(ସఏିఉమ)[ଶఏ(ଶି௞మ)ିఉమ(ଷିଶ௞)] > 0 , the supplier will make the direct channel open when 𝐹 >
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ఏమ(௔ି௖)మ(ଶି௞)మ(ସఏିఉమ)[ଶఏ(ଶି௞మ)ିఉమ(ଷିଶ௞)]  , otherwise, the green product will still be sold only through the retail 

channel as shown in scenario "𝑁" of Table 3. 

A.5. Proof of Proposition2. At first, we consider 𝑒ோ∗ − 𝑒ே∗ = ଶఉఏ(௔ି௖)(ଶି௞)మ(ସఏିఉమ)[ଶఏ(ଶି௞మ)ିఉమ(ଷିଶ௞)] , 

thus𝑒ோ∗ > 𝑒ே∗  if 𝜃 > ఉమ(ଷିଶ௞)ଶ(ଶି௞మ) . Similarly, the wholesale price in different scenarios is compared 

as: 𝑤ோ∗ − 𝑤ே∗ = ఏఉమ(௔ି௖)(ଶି௞)మ(ସఏିఉమ)[ଶఏ(ଶି௞మ)ିఉమ(ଷିଶ௞)] > 0 . Let Π௥ோ∗ − Π௥ே∗ = (𝑎 − 𝑐)ଶ𝜃ଶ ቄ (ଵି௞)మ[ଶఏ(ଶି௞మ)ିఉమ(ଷିଶ௞)]మ −ଵ(ସఏିఉమ)మቅ, from 
(ଵି௞)మ[ଶఏ(ଶି௞మ)ିఉమ(ଷିଶ௞)]మ − ଵ(ସఏିఉమ)మ = (ଶି௞)(ఉమିଶ௞ఏ)(ସఏିఉమ)[ଶఏ(ଶି௞మ)ିఉమ(ଷିଶ௞)] ቂ ଵସఏିఉమ + ଵି௞ଶఏ(ଶି௞మ)ିఉమ(ଷିଶ௞)ቃ , we 

can obtain thatΠ௥ோ∗ < Π௥ே∗ if 𝛽𝜖(0, √2𝑘𝜃), otherwise, Π௥ோ∗ > Π௥ே∗. Finally, set the marginal profit of 

the retailer under scenario 𝑁  and 𝑁𝐸  as: 𝑚𝑟ே = 𝑝௥ே∗ − 𝑤ே∗ = ఏ(௔ି௖)ସఏିఉమ , 𝑚𝑟ோ = 𝑝௥ோ∗ − 𝑤ோ∗ =ఏ(௔ି௖)(ଵି௞)ଶఏ(ଶି௞మ)ିఉమ(ଷିଶ௞) , thus the comparison of marginal profit under two scenarios is: 𝑚𝑟ே − 𝑚𝑟ோ =ఏ(௔ି௖)(ଶି௞)(ଶ௞ఏିఉమ)(ସఏିఉమ)[ଶఏ(ଶି௞మ)ିఉమ(ଷିଶ௞)], which means if 𝛽 ∈ (0, √2𝑘𝜃), then 𝑚𝑟ோ < 𝑚𝑟ே, otherwise, 𝑚𝑟ோ > 𝑚𝑟ே. 

A.6. Proof of Corollary 2. (i) According to Proof of Proposition2, the proof of Corollary 2(i)is 
intuitive, so we omit it. 

(ii)
డ൫ஈೞಿ ಶ∗ିஈೞಿ ∗൯డ௞ = − ଶఏమ(௔ି௖)మ(ଶି௞)(ଵି௞)[ଶఏ(ଶି௞మ)ିఉమ(ଷିଶ௞)]మ < 0 ,

డ൫௘ಿಶ∗ି௘ಿ∗൯డ௞ = − ସఉఏ(௔ି௖)(ଶି௞)(ଵି௞)[ଶఏ(ଶି௞మ)ିఉమ(ଷିଶ௞)]మ < 0 , and according 

to 
డ൫ஈೝಿ ಶ∗ିஈೝಿ ∗൯డ௞ = − ଶ(ଵି௞)ఏమ[ଶఏ(ଶିଶ௞ା௞మ)ିఉమ](௔ି௖)మ[ଶఏ(ଶି௞మ)ିఉమ(ଷିଶ௞)]య , when 𝜃 > (ଷିଶ௞)ఉమଶ(ଶି௞మ) , we have 2𝜃(2 − 2𝑘 + 𝑘ଶ) > 𝛽ଶ .  

Thus,
డ൫ஈೝಿ ಶ∗ିஈೝಿ ∗൯డ௞ < 0. 

A.7. Proof of Lemma 3. According to Eq (14) we can get the Hessian matrix of scenario 𝑆𝐸 as 

𝐻ௌா = ⎣⎢⎢⎢
⎢⎡− ଶଶିఊమ − ఊమఎଶିఊమ ఉଶିఊమ− ఊమఎଶିఊమ − ଶ(ଶି௞మା௞ఊఎିఊమ)ଶିఊమ ఉ(ଶି௞ିఊమାఎఊమ)ଶିఊమఉଶିఊమ ఉ(ଶି௞ିఊమାఊమఎ)ଶିఊమ −𝜃 ⎦⎥⎥⎥

⎥⎤
 , when 𝜃 > 𝜃ଵ we can obtain that  |𝐻ௌா| =

− ௭(ଶିఊమ)మ < 0. Similar to the analysis in Lemma 2, we also need to ensure that 𝑞௦ௌா∗and 𝑝௦ௌா∗ − 𝑤ௌா∗ is 

non negative. According to𝑞௦ௌா∗ = ఊఏ(௔ି௖)(ଶ୴యି୴మ)௭ , and 2vଷ − vଶ = 2(1 − 𝑘) + 𝜂𝛾ଶ > 0, we can obtain 

that 𝑞௦ௌா > 0.Meanwhile, 𝑝௦ௌா − 𝑤ௌா = ఎఏఊమ(௔ି௖)[ଷିଶ௞ିఊమ(ଵିఎ)]௭ > 0. Hence, the dual-channel structure 

is feasible. 

A.8. Proof of Proposition 3.According to Π௥ௌா∗ − Π௥ோ∗ = ଵଶ (𝑎 − 𝑐)ଶ𝜃ଶ(൫ଶିఊమ൯൫ଶିଶ௞ାఊమఎ൯మ௭మ −ଶ(ଵି௞)మ[ଶఏ(ଶି௞మ)ିఉమ(ଷିଶ௞)]మ), it is directly that(2 − 𝛾ଶ)(2 − 2𝑘 + 𝛾ଶ𝜂)ଶ > 2(1 − 𝑘)ଶ , and due to the proof in 

Lemma 2 we have:𝜃 > 𝜃ଵ > ఉమ(ଷିଶ௞)ଶ(ଶି௞మ) ,thus𝑧 > 2𝜃(2 − 𝑘ଶ) − 𝛽ଶ(3 − 2𝑘).On this basis, we can obtain 

that Π௥ௌா∗ > Π௥ோ∗ . Meanwhile, the comparison of the optimal emission reduction level between 

scenario 𝑁𝐸 and 𝑆𝐸 is: 𝑒ௌா∗ − 𝑒ோ∗ = ఊమఏ[ସା଼ఎାଷఊమఎమାସ௞మ(ଵାఎ)ିଶ௞൫ସା଺ఎାఊమఎమ൯]௭[ଶఏ(ଶି௞మ)ିఉమ(ଷିଶ௞)] , let  𝑉ଷ(𝑘) = 4 + 8𝜂 +3𝛾ଶ𝜂ଶ + 4𝑘ଶ(1 + 𝜂) − 2𝑘(4 + 6𝜂 + 𝛾ଶ𝜂ଶ) , from డ௏య(௞)డ௞ = 8(𝑘 + 𝜂𝑘 − 1) − 2𝜂(6 + 𝛾ଶ𝜂) < 0  and lim௞→ଵ 𝑉ଷ(𝑘) = 𝛾ଶ𝜂ଶ > 0, thus we can obtain that𝑒ௌா∗ − 𝑒ோ∗ = ఊమఏ௏య(௞)௭[ଶఏ(ଶି௞మ)ିఉమ(ଷିଶ௞)] > 0. Employing the 

same process, we can easily show thatΠ௦ௌா∗ > Π௦ோ∗ holds. 

A.9. Proof of Proposition 4. (i) 𝑒ௌா∗ − 𝑒ௌ∗ = ఉఏ(௔ି௖)ൣସିଶ௞ିఊమ(ଶିఎ)൧మ௭(ସఏିଶఏఊమିఉమ) > 0 . (ii) Π௦ௌா∗ − Π௦ௌ∗ =ఏమ(௔ି௖)మൣସିଶ௞ିఊమ(ଶିఎ)൧మଶ௭(ସఏିଶఏఊమିఉమ) − 𝐹 , from 
ఏమ(௔ି௖)మൣସିଶ௞ିఊమ(ଶିఎ)൧మଶ௭(ସఏିଶఏఊమିఉమ) > 0  we can obtain that Π௦ௌா∗ > Π௦ௌ∗ if 𝐹 <ఏమ(௔ି௖)మൣସିଶ௞ିఊమ(ଶିఎ)൧మଶ௭(ସఏିଶఏఊమିఉమ) ; (iii)𝑠ௌா∗ − 𝑠ௌ∗ = (𝑎 − 𝑐)𝛾𝜃 [ସିଶ௞ିఊమ(ଶିఎ)](ఉమାఊమఎఏିଶ௞ఏ)௭(ସఏିଶఏఊమିఉమ)  and Π௥ௌா∗ − Π௥ௌ∗ = ఏమଶ (𝑎 −𝑐)ଶ(2 − 𝛾ଶ)(ଶିଶ୩ାఊమఎ௭ + ଵସఏିଶఏఊమିఉమ) ൣସିଶ௞ିఊమ(ଶିఎ)൧൫ఉమାఊమఎఏିଶ௞ఏ൯௭(ସఏିଶఏఊమିఉమ) . According to ൣସିଶ௞ିఊమ(ଶିఎ)൧൫ఉమାఊమఎఏିଶ௞ఏ൯௭(ସఏିଶఏఊమିఉమ) < 0 if 𝛽 ∈ (0, ඥ𝜃(2𝑘 − 𝛾ଶ𝜂)) . Hence, we can obtain that 𝑠ௌா∗ < 𝑠ௌ∗  and Π௥ௌா∗ < Π௥ௌ∗ if 𝛽 ∈ (0, ඥ𝜃(2𝑘 − 𝛾ଶ𝜂)) . The discussion of 𝑠ௌா∗ > 𝑠ௌ∗  and Π௥ௌா∗ > Π௥ௌ∗ if 𝛽 ∈(ඥ𝜃(2𝑘 − 𝛾ଶ𝜂), 1) are evidenced the same way. 
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A.10. Proof of Corollary 3. The proofs of Corollary 3(i) and (ii) are the same as the proofs in 

Corollary 2, so we omit it. (iii)డ௘ೄಶ∗డఎ = ଶ(௔ି௖)ఉ[ଷିଶ௞ିఊమ(ଵିఎ)]௭ > 0 ; డ௦ೄಶ∗డఎ = (௔ି௖)ఊయఏ௏ర(ఎ)௭మ , where 𝑉ସ(𝜂) =[8 + 4𝑘ଶ − 4𝛾ଶ(1 − 𝜂) + 𝛾ସ𝜂ଶ − 4𝑘(2 + 𝛾ଶ𝜂)]𝜃 − 2𝛽ଶ(1 − 𝛾ଶ) . Thus, డ௦ೄಶ∗డఎ > 0 if 𝜂 ∈൬√ଶඥఏ(ଵିఊమ)(ఉమିଶఏ)ିଶఏ(ଵି௞)ఏఊమ , 1 ൰, while  డ௦ೄಶ∗డఎ < 0if ∈ ൬0, √ଶඥఏ(ଵିఊమ)(ఉమିଶఏ)ିଶఏ(ଵି௞)ఏఊమ ൰.  

A.11. Proof of Proposition 5. Π෩௦ௌா∗ − Π෩௦ௌ∗ = ఏమ୴෥మమ(ଶ୴యି୴మ)మ(୴෥భିଶఏఊమ)[ఏ୴෥ఴିଶ୴య(௣೐ାఉ)] − 𝐹 , when 𝐹 <ఏమ୴෥మమ(ଶ୴యି୴మ)మ(୴෥భିଶఏఊమ)[ఏ୴෥ఴିଶ୴య(௣೐ାఉ)] , we can get Π෩௦ௌா∗ > Π෩௦ௌ∗ . And according to Π෩௥ௌா∗ − Π෩௥ௌ∗ =ఏమ൫ଶିఊమ൯୴෥మమଶ ୴మ[(௣೐ାఉ)మି(ଶ௞ିఊమఎ)ఏ](୴෥భିଶఏఊమ)[ఏ୴෥ఴିଶ୴య(௣೐ାఉ)] ቀ ଶ୴యିଶ୴మఏ୴෥ఴିଶ୴య(௣೐ାఉ) + ଵ୴෥భିଶఏఊమቁ , we can obtain that Π௥ௌா∗ < Π௥ௌ∗ , if 𝛽 ∈(0, ඥ𝜃(2𝑘 − 𝛾ଶ𝜂) − 𝑝௘).  

Appendix B 𝜃ଵ = ଶ୴యఉమସ(ଶିఊమ)ି(ଶ௞ିఊమఎ)మ; 𝜃ଶ = ଶ୴య(௣೐ାఉ)మସ(ଶିఊమ)ି(ଶ௞ିఊమఎ)మ;𝜃ଷ = ସிఉర୴య୴మఉమඥி[ி୴మమାସ୴య(௔ି௖)మ]ାிఉమ୴ర, 𝛽ଵ = √2𝑘𝜃; 𝛽ଶ = ඥ𝜃(2𝑘 − 𝛾ଶ𝜂);𝛽ଷ = ටிఏ[଼ି௞(ସା௞)]ାఏ(ଶି௞)ඥி{ଷ(௔ି௖)మାସிିଶ௞[(௔ି௖)మାଶி]ାி௞మ}ி(ଷିଶ௞) ; 

𝛽ସ = ଵଶ ඨටிఏమ௩మమ[ி௩మమାସ(௔ି௖)మ௩య]ାிఏ௩రி௩య , 𝑘ଵ = [ସିఊమ(ଶିఎ)]ఏమ(௔ି௖)మାଶ୴భி൫ఉమାఊమఎఏ൯ାଶඥி୴భమ[ி(ଶఏିఉమ)୴భି(௔ି௖)మ(ଵିఊమ)ఏమ]ଶఏ[(௔ି௖)మఏାଶி୴భ] , 𝜂ଵ = √ଶඥఏ(ଵିఊమ)(ఉమିଶఏ)ିଶఏ(ଵି௞)ఏఊమ , 𝐹ଵ = ఏమ(௔ି௖)మ(ଶି௞)మ(ସఏିఉమ)[ଶఏ(ଶି௞మ)ିఉమ(ଷିଶ௞)]; 𝐹ଶ = 𝜃2v22(𝑎−𝑐)2𝑧(4𝜃−2𝜃𝛾2−𝛽2);𝐹ଷ = ఏమ୴෥మమ(ଶ୴యି୴మ)మ(୴෥భିଶఏఊమ)[ఏ୴෥ఴିଶ୴య(௣೐ାఉ)], 𝑧 = 𝜃[4(2 − 𝛾ଶ) + (2𝑘 − 𝛾ଶ𝜂)ଶ] − 2𝛽vଷ, vଵ = 2𝜃(2 − 𝛾ଶ) − 𝛽ଶ;vଶ = 4 − 2𝑘 − 𝛾ଶ(2 − 𝜂);vଷ = vଶ − 1 + 𝛾ଶ; vସ = 32 − 4𝑘ଶ − 8𝛾ଶ(3 − 𝜂) − 4𝑘[4 − 𝛾ଶ(2 + 𝜂)] + 𝛾ସ[4 − 𝜂(4 + 𝜂)];vହ = 1 + 𝑘 − 𝛾ଶ; v଺ = 2 − 𝑘ଶ − 𝛾ଶ, v෤ଵ = 4𝜃 − (𝑝௘ + 𝛽)ଶ ; v෤ଶ = 𝑎 − 𝑐 − 𝑝௘𝑒଴ ; v෤ଷ =  𝑎𝑝௘ + 𝛽𝑐 + 𝛽𝑝௘𝑒଴ ; v෤ସ = 3𝜃 − 𝑝௘ଶ − 𝑝௘𝛽 ; v෤ହ = (3 −2𝑘)(𝑝௘ + 𝛽);v෤଺ = 4 − 2𝑘ଶ − 2𝛾ଶ − 2𝛾ଶ𝜂 + 3𝑘𝛾ଶ𝜂 + 𝛾ସ𝜂 − 𝛾ସ𝜂ଶ; v෤଻ = 2(2 − 𝑘ଶ − 𝛾ଶ) + 𝜂𝛾ଶ(2 + 𝑘 − 𝛾ଶ);v෤଼ = 4(2 − 𝛾ଶ) − (2𝑘 − 𝜂𝛾ଶ)ଶ. 
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