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Abstract: Considering carbon emission cost and consumer loyalty, this paper establishes a three-level
multi-channel supply chain composed of the leading manufacturer, the retailer, and the consumer and
builds a multi-channel supply chain with centralized decision-making and decentralized decision-
making modes, and the optimal decision-making under both decision-making modes is solved. The
study found that the carbon emission reduction level of multi-channel centralized decision-making
is better than that of decentralized decision-making under the same carbon emission cost, and
centralized decision-making can improve the carbon emission reduction level. Manufacturers open a
direct channel to help reduce carbon emissions and need to consider the cost of emission reduction in
their channel decisions. Consumer loyalty also directly impacts channel decisions. Only when carbon
emission costs and consumer loyalty are within a reasonable range can new direct sales channels be
opened to bring in new profits. Simultaneously, the total profit of the supply chain is greater than
that of decentralized decision-making, but the double marginal utility of both parties decreases with
the increase in carbon emission costs.

Keywords: carbon emission cost; consumer loyalty; leader manufacturer; multi-channel; supply
chain decision

1. Introduction

As the global climate continues to deteriorate in recent years, the world’s major
economies and global organizations have begun to pay greater attention to low-carbon
and sustainable development, with many countries proposing their own carbon peak and
carbon-neutral development plans [1] and using the widely established carbon market to
facilitate this goal [2].

Similarly, in the consumer market, increasing sustainability awareness is becoming
a powerful driver of consumption, and more and more consumers are willing to pay for
environmental protection [3–5]. For example, a global survey of 11,500 consumers found
that 89% of consumers are making their purchases more environmentally friendly, and
66% cite sustainability as the most important factor in their consumption decisions [6].
Another report shows that 69% of consumers believe that sustainability is more important
now than it was two years ago [7]. In addition, a report for the US market suggests that two
thirds of Americans said they would pay a premium for environmentally friendly products,
up 2% from last year [8].

The growing concern about low carbon and sustainability from governments, the
media, and consumers continues to force and drive companies to make a low-carbon
transition in their supply chains (SC) [9,10] and to expand the use of low-carbon and
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sustainability concepts in their supply chain management (SCM). Many methods are re-
sponding effectively to this external pressure, such as developing or introducing sustainable
products [11,12]. It has been argued that the benefits of low-carbon SCM are multiple. In
addition to reducing carbon emissions, it can help to improve the overall performance
and benefits of the SC [13–16], and it also stimulates innovation, which in turn reduces
costs and adds value, ultimately increasing the productivity of resources and competitive
advantages [17,18]. Similar benefits will help to attract more companies to improve the
management of carbon emissions in their SC.

In addition, the current trend of accelerating consumer migration to online channels
and the digital transformation of companies have also led us to think about consumer
channel preferences and the opening of direct sales channels by companies. In partic-
ular, the COVID-19 pandemic has greatly contributed to and further consolidated this
phenomenon [19–21], and during this period, many upstream and midstream companies
opened their own online direct channels to meet this trend and survive better [22–24]. For
example, Chinese electric car manufacturer NIO’s online sales event on an e-commerce
platform was an unprecedented success: the 40 min event generated over USD 21 mil-
lion in sales, and orders continued to grow after the event [25]. The literature suggests
that companies that invested and transformed digitally tended to outperform during the
pandemic [19].

Furthermore, the carbon reduction effect of online shopping is in line with today’s
sustainable development goals, and it is well documented that e-commerce generally
generates lower carbon emissions than traditional shopping models [26,27], therefore
attracting a low-carbon-conscious consumer base. Moreover, when it comes to centralized
versus decentralized decision-making in the multi-channel SC following the opening of a
direct sales channel, the outcome is favorable for both manufacturers and retailers [28], and
those who choose the multi-channel SC will be more profitable than those who choose the
original dual-channel SC [29] and will also tend to perform better in the marketplace [30].
Among these, manufacturer-led SC will perform better than retailer-led SC in overcoming
fixed costs and introducing sustainable products, thereby benefiting from consumers with
low-carbon preferences [31].

In conclusion, it is clear that the prospects, driven by realistic consumption trends and
sustainable development goals, are good enough to motivate manufacturers to open the
direct sales channel and complete the transition.

However, while consumer demand for sustainable living is growing, many consumers
(26%) find it difficult to find sustainable options on the shelves, and 46% of respondents
believe that brands are primarily responsible for sustainable development [7]. And in
addition to the current trend of consumers and businesses moving online, it has also been
researched that consumers will gradually return to traditional shopping and their online
preferences will return to previous levels as the pandemic ends [32–34].

The gap between market demand and objective reality has sparked our research inter-
est in consumer low-carbon preferences and carbon reduction issues, while the uncertainty
between the varying findings in the existing literature has drawn our attention to the
impact of the online direct channel and channel preferences on the SC. In current academic
research, many scholars have conducted systematic research on dual-channel supply chains
(DCSC) [35–38], low-carbon dual-channel supply chains [39–41], and multi-channel supply
chains (MCSC) [42–44]. However, no research has yet been conducted to combine MCSC
with carbon emission costs and consumer loyalty in low-carbon issues with the leading
manufacturer, so it is necessary to fill the research gap and expand the current theoretical
findings in the field of SCM research so as to provide a reference basis for enterprises’
decisions under the current global greening trend.

Overall, it is of great theoretical and practical importance to study the issue of low-
carbon MCSC decision-making following the emergence of the direct sales channel. Specifi-
cally, our research aims to address the following questions:
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(1) What are the optimal solutions, i.e., the equilibrium outcome for low-carbon dual- and
multi-channel SC decisions in centralized and decentralized decision-making scenarios?

(2) Based on carbon emissions across different channels, how do carbon emission costs
and consumer loyalty affect decisions in MCSC?

(3) How do the costs of carbon emissions and consumer loyalty affect the total carbon
emission reduction of the SC, the total profits of the SC, and the manufacturer? What
are the conditions for the manufacturer to open the direct sales channel?

To answer these questions, we establish a three-level MCSC consisting of the leading
manufacturer, the retailer, and the consumer market, and consumer’s demand is directly
affected by their channel preferences and the carbon emission reduction level. Likewise,
four decision modes were chosen to describe the different SC decision-making structures,
and then the optimal results were solved based on Stackelberg game theory. This research
makes the following contributions:

(1) Currently, many scholars’ studies on low-carbon SC are mostly focused on the field of
DCSC [39,45], but this paper extends the corresponding research to the field of MCSC,
which is an effective supplement to the existing research on low-carbon SC.

(2) This paper builds on previous research on MCSC and uses references from [29,46] and
others. However, this study is unique in that it applies MCSC to low-carbon issues
and considers more additional elements, thus expanding the existing research and
contributing to the field.

(3) Unlike previous publications that consider only one consumer preference, this paper
incorporates both consumer loyalty and low-carbon preferences into SC decision-
making. This approach leads to more realistic decisions and stronger practical guid-
ance, providing a basis for manufacturers to transition to low-carbon operations.

The rest of the paper is organized as follows: In Section 2, the relevant literature has
been reviewed to provide the theoretical foundation of this research. Section 3 introduces
the low-carbon MCSC model with four decision modes and the corresponding notations
and assumptions. In Section 4, we solve the four decision modes presented in the previous
section. We then discuss the obtained results in Section 5, using the resulting 14 propositions
and other findings to reflect the impact of each element on SC decisions. The results of
the analysis are then modeled numerically in Section 6, which verifies the propositions
and discusses the management implications of our findings, and the paper concludes in
Section 7, noting the research limitations.

2. Literature Review

The problem studied in this paper is the decision-making problem of multi-level and
multi-channel SC, focusing on the impact of factors such as the cost of carbon emissions and
consumer loyalty on SC, as well as the level of carbon emission reduction and profitability.
This section provides a review of competition and decision-making in DCSC, as well as the
existing research on low-carbon DCSC and MCSC.

2.1. Dual-Channel Supply Chain

Many scholars have conducted systematic research on DCSC decision-making, fo-
cusing on issues such as SC pricing strategies, channel competition, etc. [47]. For exam-
ple, Chen et al. [35] were inspired by the apparel industry and developed two types of
single channel and a DCSC, then studied the pricing and quality decisions of the SC.
Zhou et al. [36] set up a manufacturer-led DCSC to study the pricing problem under in-
formation asymmetry. Wang et al. [37] studied DCSC pricing and coordination strategies
when consumers have certain channel preferences. Li et al. [38] included a consideration
of the four-channel refund issue in their study of pricing strategies, and in another study,
Li et al. [48] considered the market shares for different channels and studied the impact of
the showrooming effect on pricing and service. Yu et al. [49] investigated the optimal deci-
sion when manufacturers have DCSC and also found an important influence of consumer
channel preferences on the SC structure. Other similar studies that are instructive for this
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paper include Zhang et al. [50], Lin et al. [51], and Chen et al. [52], all of whom considered
consumer channel preferences and conducted research on DCSC.

Moreover, some scholars choose to study the DCSC from the perspective of SC leaders.
For example, Ma et al. [53] studied manufacturers’ pricing decisions and strategy choices
through three analytical models based on a manufacturer-dominant perspective and found
that only the dominant manufacturer could benefit from the wholesale-price-advantage
strategy. In contrast, Yan et al. [54] studied optimal pricing strategies from a retailer-driven
perspective and analyzed the optimal lied factors of manufacturers and the cross-price
sensitivity of customers. In addition to the study of pricing strategies, other developments
in the field of DCSC have explored concepts such as channel conflict and coordination
in various contexts [55–58]. Notably, Cai [59] studied four different SC structures and
concluded that the DCSC is not always the optimal structure of the market, which also
inspires the thinking of this paper.

Most of the aforementioned literature is devoted to DCSC in terms of channel gaming,
pricing, coordination, and other decisions, and while important progress has been made,
none of them has considered conditions such as the cost of carbon emissions and consumer
loyalty and compared centralized and decentralized decision-making in MCSC, which has
emerged as a pressing issue due to current consumer trends. In order to fill the research
gap, our study takes this into consideration and conducts a focused study on it in order to
draw more economic conclusions.

2.2. Low-Carbon Dual-Channel Supply Chain

Similarly, there is a large body of literature within the field of SCM with research
directions related to green and low-carbon DCSC, with its related research being identified
as an important branch of management science and sustainable development [60]. Sarkis et
al. [61] defined the related concept as increased consideration of environmental issues in
inter-organizational management, and in the related research, some scholars have chosen
to study this from the perspective of consumer preferences. For instance, Wu and Yang [45]
analyzed the issue of low-carbon SC coordination under low-carbon consumer preferences,
and Li et al. [39] explored the conditions for the existence of DCSC under the influence
of factors such as consumer loyalty and carbon reduction costs, as well as the different
pricing decisions and greening strategies of DCSC in the context of centralized and decen-
tralized decision-making. Based on this research, Heydari et al. [40] considered consumer
preferences for different channels and studied pricing and greening strategies under three
decision structures, and Jamali and Rasti-Barzoki [62] studied a complex case of considering
two competing SC with dual distribution channels. Taking another perspective, the model
developed by Peng et al. [63] considered the market share of the different channels and
investigated DCSC from the perspective of consumer satisfaction and green marketing.
The study by Chen et al. [64] also considered the market shares of different channels and
proposed contracts to coordinate the green supply chain. The research by Ji et al. [41]
indicated that the introduction of online channels is beneficial to manufacturers under
certain conditions, and joint emission-reduction strategies are beneficial for SC members.

As industry decarbonization is often linked to government actions, some studies
further consider government actions such as subsidies [46,65], participation [66], etc. In
addition, some scholars have also studied the perspective of firms in their research. For
example, Wang et al. [67] studied the decision-making and coordination of retailer-led
low-carbon SC based on the perspective of altruistic preferences. Carrillo et al. [68] studied
the impact of environmental efficiency issues on retailers’ channel choices and investigated
the influences between industries such as the book industry. There are also some studies
carried out from the perspective of fairness concerns [69,70] and other related perspectives.

The contextual structure of the channels studied in the literature above is all about
DCSC, which has certain limitations and does not consider the low-carbon MCSC decision
problem of the leading manufacturer after adding the direct sales channel. The context
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of our study is based on the MCSC of the leading manufacturer, which complements the
existing studies.

2.3. Multi-Channel Supply Chain

The MCSC is also a hot topic of current research, and in related studies, Sarkar and
Pal [71] constructed an MCSC model with traditional and direct channels, focusing on
market strategies and optimal SC decisions from the perspective of manufacturers’ service
provision. The model developed by Zhen et al. [42] considered the market shares of
different channels and investigated the MCSC decision problem in terms of four fairness
dimensions. The model from Wang et al. [43] considered consumer channel preference
and analyzed pricing decisions and channel selection in MCSC from the perspective of
leading retailers. The study shows the decisive role of different channel operating costs
in channel selection. Matsui [44] compared the time nodes at which pricing decisions are
made in an MCSC and concluded that the decision time nodes for manufacturers and
retailers are different.

Some scholars have chosen to study from the perspective of demand uncertainty, such
as Hsieh et al. [72], who studied pricing and ordering decisions and ultimately concluded
that decentralized systems are beneficial to overall efficiency. In addition, scholars have
begun to pay attention to the low-carbon issue of MCSC. For example, Khorshidvand et
al. [29] have discussed the decision-making of low-carbon issues in MCSC by constructing
a three-tier SC model. Although the above literature has conducted systematic research on
MCSC and made important progress, it has not considered the impact of factors such as
carbon emission costs and consumer loyalty on MCSC decision-making.

Therefore, based on the existing research, this paper considers the impact of carbon
emission cost and consumer loyalty on MCSC decision-making from the perspective of
a leading manufacturer, constructs four centralized and decentralized decision-making
modes, and solves the optimal solutions for different scenarios. It then explores the impact
of carbon emission cost and consumer loyalty on MCSC decision-making, compares and
analyzes the changes in carbon emission and total SC profit under different decision-making
modes, and analyzes the conditions for manufacturers to open up direct sales channels so
as to provide a theoretical basis for manufacturers’ decision-making.

3. Model Description

The SC considered in this paper consists of a leading manufacturer, a retailer, and a
consumer market, and in order to protect the environment and enhance market competi-
tiveness, the manufacturer offers only one standard green product. When operating in a
DCSC, only the retailer’s traditional offline channel and the online channel are open. When
conducting MCSC operations, the manufacturer builds its own direct sales channel on the
basis of the retailer’s dual channel, and both the manufacturer’s direct sales channel and
the retailer’s online channel are based on e-commerce for the sale of products.

The SC formed by both parties has two modes of decision-making, i.e., centralized and
decentralized. Under centralized decision-making, both parties to the SC jointly determine
the decision variables, such as the product’s carbon emission reduction level θC and the
retail price PC. Under decentralized decision-making, as the Stackelberg leader of the SC,
the manufacturer first decides the carbon emission reduction level θF and the wholesale
price wF, then the retailer decides the retail price PF of the green product.

Therefore, regarding the SC channel structure (D and M represent DCSC and MCSC,
respectively) and the decision-making mode (C and F represent centralized and decentral-
ized decision-making, respectively), there are four combinations, i.e., DC and DF represent
centralized and decentralized decision-making, respectively, in the DCSC, while MC and
MF represent centralized and decentralized decision-making, respectively, in the MCSC.
The end-consumer market consists of environmentally conscious consumers whose pref-
erence for green products means that overall demand increases as the carbon emission
reduction in the green product increases, while consumers are also influenced by their own
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loyalty to different channels to determine the channel through which goods are purchased.
The MCSC structure considering a leading manufacturer is shown in Figure 1, and the
relevant parameters, channel variables, and their meanings used in this paper are shown in
Table 1.

Sustainability 2023, 15, x FOR PEER REVIEW 6 of 31 
 

Therefore, regarding the SC channel structure ( D  and M   represent DCSC and 
MCSC, respectively) and the decision-making mode (C  and F  represent centralized 
and decentralized decision-making, respectively), there are four combinations, i.e., DC  
and DF  represent centralized and decentralized decision-making, respectively, in the 
DCSC, while MC  and MF  represent centralized and decentralized decision-making, 
respectively, in the MCSC. The end-consumer market consists of environmentally con-
scious consumers whose preference for green products means that overall demand in-
creases as the carbon emission reduction in the green product increases, while consumers 
are also influenced by their own loyalty to different channels to determine the channel 
through which goods are purchased. The MCSC structure considering a leading manu-
facturer is shown in Figure 1, and the relevant parameters, channel variables, and their 
meanings used in this paper are shown in Table 1. 

 
Figure 1. Multi-channel supply chain structure. 

In reference to studies [39,65,67], among others, where the product demand function 
for the consumer market considered is the linear function of the green product price and 
the carbon emission reduction level, the resulting product demand functions for the re-
tailer’s traditional offline and online channels and the manufacturer’s direct sales channel 
are shown as follows: 

(1 )

(1 )

pr pr pr

or or or

m m m

D a bP
D a bP
D a bP

α β θ
αγ β θ
α γ β θ

= − − +
 = − +
 = − − +

  (1)

where a is the total market demand, which is sufficiently large; α  is the loyalty of con-
sumers to the e-commerce channel (e-channel); γ  is the loyalty of e-channel consumers 
to the retailer’s online channel, where there is 1 0,1 0α γ> > > > ; P  and w  represent 
the retail price and wholesale price of the product, respectively, so there is 

{ }10 min (1 ) , , (1 )< < < − + + − +pr or mw P a a a
b

α β θ αγ β θ α γ β θ  ; b  is the price effect of de-

mand for the product; and β  is the effect of changes in a product’s carbon emission 
reduction level on demand. 

To establish the model, some research assumptions are presented as follows: 

Assumption 1: There exists b β> , i.e., for a linear demand function, the price effect of a 
product is greater than the effect of the change in the carbon emission reduction level of 
the product on demand [39,62,73]. Since retailers are closer to the consumer market than 
manufacturers, consumers can intuitively experience products and receive professional 
services at the retailer, so pr or mβ β β> >  holds, i.e., when the manufacturer increases the 

Figure 1. Multi-channel supply chain structure.

Table 1. Definition table of main parameters.

Symbols Meaning Symbols Meaning

D Market demand for products η Cost coefficient of the carbon emission reduction per unit
π Profits e Carbon emission cost per unit

a Total market demand β
Coefficient effect of changes in a product’s carbon emission
reduction level on demand

w Wholesale price θ Carbon emission reduction level of the green product
P Retail price ∗ Optimal decision
α Degree of consumers’ loyalty to the e-channel r Retailer

γ
Loyalty of e-channel consumers to retailer’s
online channel m Manufacturer

Superscript Subscript
C Centralized decision-making D Dual-channel supply chain
F Decentralized decision-making M Multi-channel supply chain

In reference to studies [39,65,67], among others, where the product demand function
for the consumer market considered is the linear function of the green product price and the
carbon emission reduction level, the resulting product demand functions for the retailer’s
traditional offline and online channels and the manufacturer’s direct sales channel are
shown as follows: 

Dpr = (1− α)a− bPpr + βprθ

Dor = aαγ− bPor + βorθ

Dm = aα(1− γ)− bPm + βmθ

(1)

where a is the total market demand, which is sufficiently large; α is the loyalty of con-
sumers to the e-commerce channel (e-channel); γ is the loyalty of e-channel consumers
to the retailer’s online channel, where there is 1 > α > 0, 1 > γ > 0; P and w
represent the retail price and wholesale price of the product, respectively, so there is
0 < w < P < min 1

b
{

a(1− α) + βprθ, aαγ + βorθ, aα(1− γ) + βmθ
}

; b is the price effect of
demand for the product; and β is the effect of changes in a product’s carbon emission
reduction level on demand.

To establish the model, some research assumptions are presented as follows:

Assumption 1: There exists b > β, i.e., for a linear demand function, the price effect of a
product is greater than the effect of the change in the carbon emission reduction level of
the product on demand [39,62,73]. Since retailers are closer to the consumer market than
manufacturers, consumers can intuitively experience products and receive professional
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services at the retailer, so βpr > βor > βm holds, i.e., when the manufacturer increases the
carbon emission reduction level, the growth in demand in the retailer’s offline channel
is greater than that in the retailer’s online channel, and then greater than that in the
manufacturer’s direct channel.

Assumption 2: For the purposes of this study, the units used in our calculations are
dimensionless, facilitating the application of our findings across diverse environments and
regions where monetary values can vary significantly. We assumed that the fixed cost per
unit of production of the green product is zero, which does not affect the conclusions of
this paper. Pricing is assumed to be the same between channels P [39,43,46]. There is no
inventory (materials, semi-finished products, etc.) in the SC, and the retailer sells offline and
online through its retail shops, which generates more carbon emissions in transportation
compared to the direct channel [74], so it is assumed that the channels owned by the retailer
need to pay a certain carbon emission cost per unit of product sold e. Since direct sales
channels emit much less carbon than retail channels [26,27], we assume that the carbon
emissions from the manufacturer’s direct sales channel are zero.

Assumption 3: Manufacturers must invest a certain proportion of their production costs
to purchase new, high-tech machinery and upgrade production technology to reduce
emissions more efficiently, so, according to the existing literature [75,76], the investment
cost is assumed to be a concave function of emission reduction per unit of green product,

i.e., C(θ) = ηθ2

2 , where η is the cost coefficient of the carbon emission reduction per unit.

The four decision modes for DCSC and MCSC under centralized and decentralized
decision modes are developed here and shown below:

Mode DC: in this mode, the decision variables such as the price PC
D and the carbon

emission reduction level θC
D are jointly determined by the manufacturer and the retailer,

thus maximizing the total profit of the SC, so the total profit function is expressed as the
sales profit minus the investment costs, where the sales profit is the profit per product
multiplied by the total market demand, with the following equation:

max
PC

D ,θC
D

πC
D = (p− e)

(
a− 2bP +

(
βpr + βor

)
θ
)
− ηθ2

2
(2)

Mode DF: In this mode, the manufacturer, as the Stackelberg leader of the DCSC,
first decides the level of carbon emission reduction θF

D and the wholesale price wF
D of

the product; subsequently, the retailer decides the price PF
D. Thus, the profit function for

the retailer is the profit per product multiplied by the market demand for the retailer’s
channel; the profit function for the manufacturer is the profit per product multiplied by the
market demand for the manufacturer’s channel minus the investment cost, which is shown
as follows: 

max
PF

D

πF
D,r = (P− w− e)

(
a− 2bP +

(
βpr + βor

)
θ
)

max
θF

D ,wF
D

πF
D,m = w

(
a− 2bP +

(
βpr + βor

)
θ
)
− ηθ2

2
(3)

Mode MC: In this mode, the decision variables such as the price PC
M and the car-

bon emission reduction level θC
M are jointly determined by the manufacturer and the

retailer so as to maximize the total profit of the SC, so the profit function is expressed as
the sales revenue minus the carbon emission cost minus the investment costs with the
following equation:

max
PC

M ,θC
M

πC
M = P[a− 3bP + (βpr + βor + βm)θ]− e[(1− α + αγ)a− 2bP + (βpr + βor)θ]−

ηθ2

2
(4)

Mode MF: In this mode, the leading manufacturer first decides on the carbon emission
reduction level θF

M and the wholesale price wF
M of the product, and then the retailer decides
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on the retail price PF
M. Thus, the profit function for the retailer is the profit per product

multiplied by the market demand for the retailer’s channel; the manufacturer’s profit
function is the wholesale profit plus the profit from sales in its own channel minus the cost
of carbon emissions, which is shown as follows:

max
PF

M

πF
M,r = (P− w− e)(a(1− α + αγ)− 2bP + (βpr + βor)θ)

max
θF

M ,wF
M

πF
M,m = w(α(1− α + αγ)− 2bP +

(
βpr + βor

)
θ) + P(αa(1− γ)− bP + βmθ)− ηθ2

2
(5)

4. Modes Solutions

The optimal solutions for the four decision modes are given in this section, and all
proofs are presented in the Appendix A.

Theorem 1. In Mode DC, the optimal decisions for the DCSC and the total SC profit are as follows:

PC∗
D =

(a + 2be)η − e
(

βor + βpr
)2

4bη −
(

βor + βpr
)2 (6)

θC∗
D =

(a− 2be)
(

βor + βpr
)

4bη −
(

βor + βpr
)2 (7)

DC∗
D =

2bη(a− 2be)

4bη −
(

βor + βpr
)2 (8)

πC∗
D =

(a− 2be)2η

8bη − 2
(

βor + βpr
)2 (9)

Theorem 2. In Mode DF, the optimal decisions for DCSC and the optimal profit for the manufac-
turer and the retailer are as follows:

wF∗
D =

2η(a− 2be)

8bη − (βor + βpr)
2 (10)

θF∗
D =

(a− 2be)
(

βor + βpr
)

8bη − (βor + βpr)
2 (11)

PF∗
D =

(3a + 2be)η − e
(

βor + βpr
)2

8bη − (βor + βpr)
2 (12)

DF∗
D =

2bη(a− 2be)

8bη −
(

βor + βpr
)2 (13)

πF∗
D,r =

2b(a− 2be)2η2(
−8bη +

(
βor + βpr

)2
)2 (14)

πF∗
D,m =

(a− 2be)2η

16bη − 2
(

βor + βpr
)2 (15)

Theorem 3. In Mode MC, the optimal MCSC decisions and the total SC profit are as follows:
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PC∗
M =

(a + 2be)η − e
(

βor + βpr
)(

βm + βor + βpr
)

6bη −
(

βm + βor + βpr
)2 (16)

θC∗
M =

(a + 2be)βm + (a− 4be)
(

βor + βpr
)

6bη −
(

βm + βor + βpr
)2 (17)

DC∗
M =

b
(
3(a− 2be)η + e

(
2βm − βor − βpr

)(
βm + βor + βpr

))
6bη −

(
βm + βor + βpr

)2 (18)



DC∗
M,r =


2b(−2be + a(2− 3α + 3αγ))η + a(−1 + α− αγ)β2

m+
(4be + a(−1 + 2α− 2αγ))βm

(
βor + βpr

)
−

(2be + a(−α + αγ))
(

βor + βpr
)2


6bη−(βm+βor+βpr)

2

DC∗
M,m =


−b(a + 2be + 6aα(−1 + γ))η + (a + 2be + aα(−1 + γ))β2

m+
(a− 3be + 2aα(−1 + γ))βm

(
βor + βpr

)
+

(be + aα(−1 + γ))
(

βor + βpr
)2


6bη−(βm+βor+βpr)

2

(19)

πC∗
M =


(
a2 + 4b2e2 + 4abe(−2 + 3α− 3αγ)

)
η+

2e

(
a(1− α + αγ)β2

m − (2be + a(−1 + 2α− 2αγ))

βm
(

βor + βpr
)
+ (be + a(−α + αγ))

(
βor + βpr

)2

) 
2(6bη −

(
βm + βor + βpr

)2
)

(20)

Theorem 4. In Mode MF, the optimal decisions for the SC and the optimal profit for the manufac-
turer and the retailer are as follows:

wF∗
M =

[
2b(−6be + a(1 + α− αγ))η + (a + 2be + aα(−1 + γ))β2

m−
(a− 6be)βm

(
βor + βpr

)
− (2be + aα(−1 + γ))

(
βor + βpr

)2

]
2b
(

10bη − β2
m − 6βm

(
βor + βpr

)
+
(

βor + βpr
)2
) (21)

θF∗
M =

[
(2be + a(3 + 2α(−1 + γ)))βm − (a + 4be + 4aα(−1 + γ))

(
βor + βpr

)]
10bη − β2

m − 6βm
(

βor + βpr
)
+
(

βor + βpr
)2 (22)

PF∗
M =

[
b(2be + a(3 + 2α(−1 + γ)))η −

(
βor + βpr

)(
(a + be + aα(−1 + γ))βm + (be + aα(−1 + γ))

(
βor + βpr

)) ]
b
(

10bη − β2
m − 6βm

(
βor + βpr

)
+
(

βor + βpr
)2
) (23)

DF∗
M =


b(a− 6be− 6aα(−1 + γ))η +

(
2βm − βor − βpr

)(
(a + be + aα(−1 + γ))βm+
(be + aα(−1 + γ))

(
βor + βpr

) )


10bη−β2
m−6βm(βor+βpr)+(βor+βpr)

2
(24)
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

DF∗
M,r =


2b(−2be + a(2 + 3α(−1 + γ)))η + a(−1 + α− αγ)β2

m−
(a− 4be + 2aα(−1 + γ))βm

(
βor + βpr

)
−

(2be + aα(−1 + γ))
(

βor + βpr
)2


10bη−β2

m−6βm(βor+βpr)+(βor+βpr)
2

DF∗
M,m =


(2be + 3a(1 + α(−1 + γ)))β2

m−
3(be− aα(−1 + γ))βm

(
βor + βpr

)
+

b
(
−2beη − 3a(1 + 4α(−1 + γ))η + e

(
βor + βpr

)2
)


10bη−β2
m−6βm(βor+βpr)+(βor+βpr)

2

(25)

πF∗
M,r =




2b(2be + a(−2 + 3α− 3αγ))η + a(1 + α(−1 + γ))β2
m+

(a− 4be + 2aα(−1 + γ))βm
(

βor + βpr
)
+

(2be + aα(−1 + γ))
(

βor + βpr
)2


2

2b
(

10bη − β2
m − 6βm

(
βor + βpr

)
+
(

βor + βpr
)2
)2 (26)

πF∗
M,m =



b

(
4b2e2 + 4abe(−2 + 3α− 3αγ)+

a2(−1 + 2αγ + 2α(4 + αγ− (5 + αγ)γ + α(−3 + (5− 2γ)γ)))

)
η−

a(−1 + α− αγ)(a + 2be + aα(−1 + γ))β2
m+ −4b2e2 − 2abe(−1− 3αγ + α(2 + γ))+

a2
(
−αγ + α

(
−2 + 2α(−1 + γ)2 + 3γ

)) βm
(

βor + βpr
)
+

(
2b2e2 − 2abe(α + αγ) + 4abeαγ+

a2α(−1 + γ)(−α− αγ + 2αγ)

)(
βor + βpr

)2


2b
(

10bη − β2
m − 6βm

(
βor + βpr

)
+
(

βor + βpr
)2
) (27)

5. Analysis and Discussion of the Solutions

In this section, MCSC decision-making is taken as the main line of research to analyze
and discuss the impact of various parameters on the SC. The optimal decision results
obtained under Mode MC and Mode MF are compared and analyzed to explore the
impact of centralized and decentralized decision-making on the SC, and the corresponding
propositions and conclusions are presented.

5.1. Comparison of Carbon Emission Reduction Levels between Modes MC and MF

The carbon emission reduction levels for Modes MC and MF are known as θC
M

and θF
M, respectively. The aim is to compare these variables between the two modes,

i.e., e1 = θF
M − θC

D, with a view to obtaining a more general result.
Then, from the above, it follows that:

θF
M − θC

D =


(a− 2be)β2

m
(

βor + βpr
)
+ βm

(
4b(2be + a(3 + 2α(−1 + γ)))η−
(14be + a(−3 + 2α(−1 + γ)))

(
βor + βpr

)2

)
+

2
(

βor + βpr
)(

b(2be + a(−7 + 8α− 8αγ))η + (3be + 2aα(−1 + γ))
(

βor + βpr
)2
)


(
4bη −

(
βor + βpr

)2
)(

10bη − β2
m − 6βm

(
βor + βpr

)
+
(

βor + βpr
)2
)

Thus, Proposition 1 is obtained.
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Proposition 1. When e < e1, there are θC
M > θF

M holds, at which point the carbon emission
reduction level in Mode MC is greater than that in Mode MF. It follows that:

e1 =

[
a

(
2b(2 + 3α(−1 + γ))η −

(
βm + βor + βpr

)(
(1 + α(−1 + γ))βm + α(−1 + γ)

(
βor + βpr

)) )]
2b
(

2bη − 2βm
(

βor + βpr
)
+
(

βor + βpr
)2
)

5.2. The Impact of Consumer Loyalty on MCSC Decisions

Next, the impacts of consumer loyalty α and γ on MCSC decisions are analyzed
without losing the generality of the study. Mode MF is chosen here for the analysis, and
the other modes are analyzed by such reasoning. Knowing θF

M and wF
M in Mode MF, the

impact on wF
M is analyzed first, from which it follows that:

∂wF
M

∂α =
a(−1+γ)

(
−2bη+β2

m−(βor+βpr)
2)

2b
(

10bη−β2
m−6βm(βor+βpr)+(βor+βpr)

2)
∂wF

M
∂γ =

aα
(
−2bη+β2

m−(βor+βpr)
2)

2b
(

10bη−β2
m−6βm(βor+βpr)+(βor+βpr)

2)

Since 10bη − β2
m − 6βm

(
βor + βpr

)
+
(

βor + βpr
)2

> 0, a > 0, b > 0, η > 0, βpr >

βor > βm, 1 > α > 0, and 1 > γ > 0, it follows that (−1 + γ) < 0, β2
m −

(
βor + βpr

)2
< 0,

and the theorem assumes that η > 1
10b

(
β2

m + 6βm
(

βor + βpr
)
−
(

βor + βpr
)2
)

holds, so the
following propositions can be obtained.

Proposition 2. Under Mode MF, there is ∂wF
M

∂α > 0, i.e., the wholesale price wF
M is positively

correlated with consumer loyalty to the e-channel α. Hence, when the wholesale price wF
M rises,

consumer loyalty to the e-channel α increases.

Proposition 3. Under Mode MF, there is ∂wF
M

∂γ < 0, i.e., the wholesale price wF
M is negatively

correlated to consumer loyalty to the retailer’s online channel γ, hence the wholesale price wF
M

decreases as consumer loyalty γ increases.

Next, let us analyze the effect of consumer loyalty on carbon emission reduction level
θ. It can be determined that:

∂θF
M

∂α =
2a(−1+γ)(βm−2(βor+βpr))

10bη−β2
m−6βm(βor+βpr)+(βor+βpr)

2

∂θF
M

∂γ =
2aα(βm−2(βor+βpr))

10bη−β2
m−6βm(βor+βpr)+(βor+βpr)

2

Proposition 4. Under Mode MF, there is ∂θF
M

∂α > 0, i.e., there is a positive correlation between the
carbon emission reduction level θF

M and consumer loyalty α under decentralized decision-making in
the MCSC.

Proposition 5. Under Mode MF, there is ∂θF
M

∂γ < 0, that is, under decentralized decision-making
in MCSC, the carbon emission reduction level θF

M is negatively related to consumer loyalty γ.
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Finally, in the case of consumer loyalty and green product retail prices P, there are:
∂PF

M
∂α =

a(−1+γ)(2bη−(βor+βpr)(βm+βor+βpr))
b
(

10bη−β2
m−6βm(βor+βpr)+(βor+βpr)

2)
∂PF

M
∂γ =

aα(2bη−(βor+βpr)(βm+βor+βpr))
b
(

10bη−β2
m−6βm(βor+βpr)+(βor+βpr)

2)
Therefore, it is determined that:

Proposition 6. Under Mode MF, there is ∂PF
M

∂α > 0, i.e., the retail price of the green product PF
M

under decentralized decision-making in MCSC is positively correlated with consumer loyalty to the
e-channel α.

Proposition 7. Under Mode MF, there is ∂PF
M

∂γ < 0, that is, the retail price of the green product PF
M

under decentralized decision-making in MCSC is negatively correlated with consumer loyalty γ.

5.3. Impact of Carbon Emission Costs on MCSC Decisions

In order to analyze the impact of the carbon emission cost e of the products sold in
the retailer channel, we first choose to study the wholesale price wF

M, the carbon emission
reduction level θF

M, and the price PF
M under Mode MF. By combining these variables with

the ones mentioned above, we obtain the following:

∂wF
M

∂e =
β2

m−(βor+βpr)
2
+3(βm(βor+βpr)−2bη)

10bη−β2
m−6βm(βor+βpr)+(βor+βpr)

2

∂θF
M

∂e =
2b(βm−2(βor+βpr))

10bη−β2
m−6βm(βor+βpr)+(βor+βpr)

2

∂PF
M

∂e =
2bη−(βor+βpr)(βm+βor+βpr)

10bη−β2
m−6βm(βor+βpr)+(βor+βpr)

2

Proposition 8. Under Mode MF, there is ∂wF
M

∂e < 0, i.e., a negative correlation between the
wholesale price wF

M and the cost of carbon emission e, which shows that the cost of carbon emission
per unit of product in the retailer’s channel has a direct impact on the wholesale price, which in turn
can affect the profit.

Proposition 9. Under Mode MF, there is ∂θF
M

∂e < 0, i.e., a negative correlation between the carbon
emission reduction level θF

M and the carbon emission cost e under decentralized decision-making
in MCSC, which shows that the carbon emission cost of the product in the retailer’s channel has a
direct impact on the carbon emission reduction level.

Proposition 10. Under Mode MF, there is ∂PF
M

∂e < 0, that is, the retail price PF
M is negatively

correlated to the carbon emission cost e, which shows that the carbon emission cost per unit product
in the retailer’s channel has a direct impact on the retail price.

Next, the relationship between the carbon emission cost e and both the carbon emission
reduction level θC

M and the retail price PC
M under Mode MC is investigated. According to

the first-order condition, the following is determined:
∂PC

M
∂e =

2bη−(βor+βpr)(βm+βor+βpr)
6bη−(βm+βor+βpr)

2

∂θC
M

∂e =
2b(βm−2(βor+βpr))
6bη−(βm+βor+βpr)

2
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Proposition 11. Under Mode MC, there is ∂PC
M

∂e < 0, that is, the retail price of the product PC
M

is negatively correlated with the cost of carbon emissions e under centralized decision-making in
the MCSC.

Proposition 12. Under Mode MC, there is ∂θC
M

∂e < 0, that is, the carbon emission reduction level
θC

M is negatively related to the carbon emission cost e.

Finally, the relationship between the retailer’s demand (DF
M,r and DC

M,r) and the carbon
emission cost e under Mode MC and Mode MF is investigated. From the previous study, it
can be determined that:

∂DC
M,r

∂e = −
2b
(

2bη−2βm(βor+βpr)+(βor+βpr)
2)

6bη−(βm+βor+βpr)
2

∂DF
M,r

∂e = −
2b
(

2bη−2βm(βor+βpr)+(βor+βpr)
2)

10bη−β2
m−6βm(βor+βpr)+(βor+βpr)

2

Proposition 13. Under Mode MC, there is
∂DC

M,r
∂e < 0, that is, the retailer demand DC

M,r under
centralized decision-making in MCSC is negatively correlated with the cost of carbon emission e.

Proposition 14. Under Mode MF, there is
∂DF

M,r
∂e < 0, that is, the retailer demand DF

M,r in a
decentralized MCSC is negatively correlated with the cost of carbon emission e.

5.4. Impact of the Cost of Carbon Emissions on Total Carbon Reduction

In the assumptions above, we assume that there is no inventory in the whole SC, so
the total emission reduction of the SC is the product of the product demand D and the
carbon emission reduction level θ. Assuming that the total emission reduction of the SC is
Ω, the total emission reduction in Modes MC and MF can be calculated as:



ΩC
M = θC

MDC
M =

 b
(
(a + 2be)βm + (a− 4be)

(
βor + βpr

))(
3(a− 2be)η + e

(
2βm − βor − βpr

)(
βm + βor + βpr

)) 
(
−6bη+(βm+βor+βpr)

2)2

ΩF
M = θF

MDF
M =





(
(2be + a(3 + 2α(−1 + γ)))βm−
(a + 4be + 4aα(−1 + γ))

(
βor + βpr

) )


b(a− 6be− 6aα(−1 + γ))η +
(
2βm − βor − βpr

)(
(a + be + aα(−1 + γ))βm+

(be + aα(−1 + γ))
(

βor + βpr
) )






(

10bη−β2
m−6βm(βor+βpr)+(βor+βpr)

2)2
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Taking the partial derivative of the above equation with respect to e yields:

∂ΩC
M

∂e =


b



(
(a + 2be)βm + (a− 4be)

(
βor + βpr

))( −6bη +
(
2βm − βor − βpr

)(
βm + βor + βpr

) )
+

2b
(

βm − 2
(

βor + βpr
))( 3(a− 2be)η+

e
(
2βm − βor − βpr

)(
βm + βor + βpr

) )



(
−6bη+(βm+βor+βpr)

2
)2

∂ΩF
M

∂e =



(
(2be + a(3 + 2α(−1 + γ)))βm−
(a + 4be + 4aα(−1 + γ))

(
βor + βpr

) )( −6b2η +
(
2βm − βor − βpr

)(
bβm + b

(
βor + βpr

)) )
+

(
2bβm − 4b

(
βor + βpr

))
b(a− 6be− 6aα(−1 + γ))η +

(
2βm − βor − βpr

)(
(a + be + aα(−1 + γ))βm+

(be + aα(−1 + γ))
(

βor + βpr
) )




(

10bη−β2
m−6βm(βor+βpr)+(βor+βpr)

2
)2

Here, we obtain the equation for the total carbon emission reduction Ω versus the cost
of carbon emission e, which we discuss in Section 6.

6. Numerical Experiments

The relevant propositions are verified here by numerical experiments, based on
the analytical basis of the existing literature [39,40,57,63], which is taken as a = 1000,
b = 10, η = 12, βpr = 10, βor = 7, βm = 3, α = 0.7, γ = 0.6 in this paper.

6.1. Comparison of Carbon Emission Reduction between Modes MC and MF

Let us first compare and analyze the carbon emission reduction level between channels
under different decision modes to obtain Figure 2.
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Here, we obtain the equation for the total carbon emission reduction Ω  versus the 
cost of carbon emission e , which we discuss in Section 6. 

6. Numerical Experiments 
The relevant propositions are verified here by numerical experiments, based on the 
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Figure 2. The impact of carbon emission costs on inter-channel carbon reduction.

From Figure 2, it can be seen that the carbon emission cost e has a greater impact on
the carbon emission reduction level θ, and between Modes MC and MF, when e < 38.68,
there are θC

M > θF
M holds, verifying Proposition 1. This means that, in the regular operation

of the SC, for the same carbon emission cost, the level of carbon emission reduction of
centralized MCSC decision-making is greater than that of decentralized MCSC decision-
making. Therefore, for more socially responsible and environmentally conscious companies,
centralized decision-making will help to achieve a greater level of carbon reduction for the
same cost of carbon emissions, which is conducive to achieving carbon emission reduction
targets, so companies should first consider centralized decision-making for their SC and
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try to control the carbon emission cost to improve the carbon emission reduction level of
the product.

6.2. The Impact of Consumer Loyalty on MCSC Decisions

The relationship between the carbon emission reduction level θF
M, wholesale prices

wF
M, and consumer loyalty to the e-channel α under Mode MF is shown in Figure 3.
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γ specifically refers to consumer loyalty to the retailer’s online channel. As seen in
Figure 4, wF

M and θF
M are negatively correlated with γ and both decrease as γ(0 > γ > 1)

increases, so Proposition 3 and Proposition 5 are also confirmed.
It can be seen from the combination of Proposition 2 and Proposition 3 in Mode MF

that when consumer loyalty to the e-channel α increases, the e-channel market share is
expanded. The manufacturer does not only raise the wholesale price to reduce the retailer’s
overall competitiveness, but a comprehensive comparative evaluation of the retailer’s
online channel and their own directly operated channel market share and competitive-
ness is also considered before making the decision. In other words, when the e-channel’s
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market share increases, if the main increase takes place on the retailer’s online channel
side, the manufacturer will reduce the wholesale price to expand the market overall, so
the e-channel market will also expand. On the other hand, when the manufacturer’s direct
channel’s market growth is greater, the manufacturer will choose to increase the wholesale
price to weaken the retailer’s comprehensive competitiveness. This finding offers strategic
guidance for manufacturers operating within the MCSC. Given their ability to determine
wholesale prices, manufacturers can dynamically adjust their pricing decisions based on
changes in consumer loyalty. This informed and responsive approach empowers manufac-
turers to optimize profitability under varying market conditions, thereby maximizing their
own gains.

Combining Proposition 4 and Proposition 5, we can know that the carbon emission
reduction level is positively correlated with consumers’ loyalty to the e-channel α, which
also verifies the conclusion of Zhao et al. [26] that e-commerce uses less disposable energy
than traditional retailing, which helps channels to reduce carbon emissions. The more
consumers use e-commerce channels, the more obvious the effect of carbon emission
reduction will be. At the same time, it also shows that selling products directly through
e-channels can make a significant contribution to reducing carbon emissions, and the
level of carbon emission reduction from the retailer’s online channel is not as good as
that from the manufacturer’s direct sales channel. Therefore, in light of sustainability
goals and low-carbon aspirations, this finding provides a clear direction for companies:
Opening online channels emerges as a greener option that can mitigate excessive carbon
emissions. Companies committed to sustainability should consider strengthening their
e-commerce capabilities, particularly focusing on the manufacturer’s direct sales channel.
Such a strategy serves not only to gain a competitive advantage but also to meaningfully
contribute to the broader goal of corporate social responsibility.

Finally, let us observe the impact of α and γ on the retail price of green products PF
M,

as seen in Figure 5.
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Figure 5 depicts the impact of two types of consumer loyalty on the retail price of
green products under Mode MF. It can be seen from Figure 5 that α and PF

M are positively
correlated, and the two are increasing in trend, which verifies Proposition 6. In contrast, γ
is negatively correlated with PF

M, which verifies Proposition 7.
Figure 5 provides a decision-making reference for retailers under Mode MF. When

retailers are preparing to price the product, they must refer to the preference ratio of
market consumer loyalty to different channels to a certain extent. For example, when the
e-channel’s number of consumers increases and the increase is mainly in the retailer’s
online channel, the price should be reduced, which will attract more consumers to buy
products to a greater extent. In contrast, when the increase is mainly in the manufacturer’s



Sustainability 2023, 15, 10864 17 of 28

direct channel, then the retailer needs to increase the price of the product. At this time,
consumers will reduce their purchases from the manufacturer’s channel due to the impact
of the price effect. The practical significance of this finding is that it reveals the game
mechanism between supply chain participants. As previously analyzed, manufacturers
can gain benefits for themselves by controlling the wholesale price. Similarly, retailers
can dynamically price according to channel preferences in the current market to gain a
competitive advantage. In addition, it also shows that consumer preferences dominate the
decision-making behavior of retailers to a certain extent, while the retailer will exert their
effects on consumers through their decision-making.

6.3. The Impact of Carbon Emission Costs on MCSC

First, let us analyze the comparison of the carbon emission reduction levels in Modes
MC and MF and the product wholesale price wF

M under Mode MF, as seen in Figure 6.
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As shown in Figure 6, θC
M and θF

M are negatively correlated with the carbon emission
cost e, which verifies Propositions 9 and 12, i.e., higher costs of carbon emission will
reduce the carbon reduction level. The carbon emission reduction level θC

M under Mode
MC is greater than θF

M under Mode MF, which shows that centralized decision-making
is conducive to increasing SC emission reduction; therefore, in practice, companies can
promote carbon emission reduction by opting for centralized decision-making. At the
same time, given that excessive carbon emission costs can dampen the impact of emission
reduction, companies should also focus on controlling carbon emission costs, which can be
achieved through measures such as the use of renewable energy sources. Also, Figure 6
reflects the change curve of wF

M with e, which verifies Proposition 8. This means that the
increase in carbon emission costs will put more operational pressure on the retailer, which
is also unfavorable for the manufacturer, so they tend to help the retailer to tide over the
difficulties by reducing wholesale prices. This finding is extremely important in operational
terms, as the previous section shows how supply chain participants can benefit themselves
through pricing. It also shows a way in which manufacturers can help retailers who are
facing high carbon emission costs by reducing their wholesale prices.

In addition, the carbon emission cost e also has a significant impact on prices PC
M and

PF
M under Modes MC and MF. It can be seen from Figure 7 that PC

M and PF
M are negatively

correlated with e, which verifies Proposition 10 and Proposition 11.
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Figure 7 provides a reference for the retailer’s pricing and mode selection for the
manufacturer in an MCSC. When making pricing decisions to satisfy profit maximization,
the retailer needs to choose the appropriate pricing decision, and the manufacturer needs
to choose the appropriate SC mode. Figure 7 shows that higher carbon costs lead to lower
prices, and when e < e2 in the SC, there is PC

M > PF
M, i.e., the retail price of green product

PC
M under Mode MC is greater than PF

M under Mode MF, so it would be more reasonable to
choose Mode MC in that situation. Conversely, when e > e2, there is PC

M < PF
M, and Mode

MF should be chosen. The operational implication of this finding is that the size of the
carbon emission cost will affect the retail price, with higher costs leading to lower prices.
In the meantime, the decision modes of MCSC are not set in stone, so the appropriate
operating mode should be chosen based on the actual cost of carbon emissions in the
current environment.

Finally, the change trend of demand with the retailer’s carbon emission costs under
Mode MC and Mode MF will be analyzed and compared in this section. As seen in Figure 8,
DF

M,r and DC
M,r are negatively correlated with e, verifying Propositions 13 and 14.
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Customer traffic drives business profitability. The increase in carbon emission costs
will lead to lower demand, but within a reasonable range, the market demand for retailer
DC

M,r under Mode MC is greater than the demand DF
M,r under Mode MF, which shows

that Mode MC will attract more consumers for the retailer and, therefore, generate more
revenue for the retailer in its operations. Moreover, at the same carbon emission cost, the
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carbon emission reduction, the retail price of green products, and market demand for the
retailer under Mode MC are all greater than those in Mode MF. Although the increase in
price will lead to a decline in the number of consumers, since θC

M is much greater than θF
M,

the impact of the price effect on demand will be less than that of carbon emission reduction
changes on demand. This insight provides another strategic perspective for companies in
the MCSC. It suggests that a single variable will not necessarily cause irreversible changes
in the SC; rather, it often requires a combination of multiple factors to optimize supply
chain performance. Therefore, businesses should consider conducting extensive market
research in various ways during their operations. This will help them to identify key
factors that influence their business model transitions and enable them to enhance their
overall benefits.

6.4. The Impact of Carbon Emission Costs on the Total Carbon Emission Reduction

It can be seen from Figure 9 that, within a reasonable range, there is ΩC
M > ΩF

M.
This takes place because the total demand of the SC is scaled up in a centralized decision
mode, and, therefore, the total carbon emission reduction of the SC is greater for the
same carbon emission cost and level of carbon emission reduction. Therefore, centralized
decision-making can facilitate greater carbon reduction in the SC, which is also good for
companies seeking to market themselves better in practice. Additionally, the total carbon
emission reduction decreases as the cost of carbon increases, implying that companies
should proactively control or reduce their carbon emission costs to improve their carbon
reduction effectiveness.
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6.5. The Impact of Carbon Emission Costs on the Total Profit

Next, we will analyze the impact of the carbon emission cost e on the profit of Mode
MC and Mode MF (see Figure 10).

Figure 10 shows that the total profit of the SC under Modes MC and MF decreases
with the increase in the carbon emission cost e, and πC

M > πF
M holds, which shows that the

profit of the MCSC under Mode MC is often better than under Mode MF. At the same time,
the double marginalization effect of the SC makes the profit difference between the two
decrease with the increase in the carbon emission cost e. Hence, in practice, the adoption
of centralized decision-making not only helps to reduce carbon emissions but also helps
the supply chain to be more profitable. Nevertheless, companies operating within this
mode should seek to reduce the carbon emission cost in order to increase overall profit and
should remain aware of the double marginalization effects inherent in the SC to ensure an
efficient operation within the prevailing mode.
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6.6. The Impact of Carbon Emission Costs on Manufacturer’s Channel Choice

If the manufacturer wants to open up a new channel and complete the transformation
from a DCSC to an MCSC, they must consider the key factor of profit. The following lines
will analyze this issue. First, let us look at the situation under centralized decision-making
(see Figure 11).
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Under centralized decision-making, if the manufacturer wants to open up a new
channel, that is, to complete the transformation from Mode DC to Mode MC, they need
to consider the impact of e on profits. When e < e4, the profit under Mode DC is greater
than that under Mode MC. A new channel will inevitably lead to diseconomy in the SC,
so manufacturers have no motivation to open it up. When e > e4, the profit under Mode
MC gradually begins to exceed that of Mode DC, making it suitable to open up the new
channel at this time. Therefore, in the process of changing from Mode DC to Mode MC,
higher carbon emission costs will prompt the manufacturer to make the decision to open
up the new channel. This finding could serve as a reference for business channel decisions.
Given the significant impact of carbon emission costs on SC profits, an SC under centralized
decision-making can determine the point at which to open a new channel based on their
own operating environments, thereby improving the overall profitability of the SC.

Next, we will study the conditions for a manufacturer to open up the new channel
under decentralized decision-making, that is, the key point for transitioning from Mode
DF to Mode MF (see Figure 12).
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It can be seen from Figure 12 that the unit product carbon emission cost e is the
key factor determining whether the manufacturer will open up the new channel under
decentralized decision-making. When e < e5, there is πF

D,m > πF
M,m, and at this time the

manufacturer is not suitable for opening up a direct sales channel (this scenario is suitable
for Mode DF). When e > e5, there is πF

M,m > πF
D,m, and the profit will be increased if the

manufacturer opens up its own direct sales channel, so it will be a wise choice to change to
Mode MF in time. Therefore, e5 = 59.15 is the key decision point for manufacturers to open
a direct sales channel in this situation. Unlike the section above, which determined when to
open the new channel from the perspective of the SC, the findings in this section can help
the manufacturer to decide when to open their own direct sales channel, a decision that is
also relevant to the current cost of carbon emissions in the SC.

6.7. The Impact of Consumer Loyalty on Manufacturer’s Channel Choice

Next, we will analyze the impact of consumer loyalties α and γ on the choice of the
SC mode, as shown in Figures 13–15.
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Figure 13 shows the change trend of the SC profit with consumer loyalty under
centralized decision-making under Modes MC and DC. It can be seen that the profit under
Mode MC is considerably smaller than that of Mode DC in the majority of cases, and
only when it is within the range of α ∈ (0.97, 1) and γ ∈ (0, 0.03), the profit of Mode
MC will be greater than that of Mode DC. In this case, the consumers in the market will
congregate in the manufacturer’s direct channel, so it is appropriate for the manufacturer to
open the new channel at this time to complete the transition from Mode DC to Mode MC.
This finding reminds centralized SC to actively adapt to real market conditions and make
decisions from a holistic SC perspective rather than making irrational decisions based on
idealized scenarios.

Figure 14 shows the trend of the manufacturer’s profit changing with consumer
loyalty under decentralized decision-making Modes MF and DF. It can be seen that when
consumer loyalty is in the range of α ∈ (0.40, 1) and γ ∈ (0, 0.60), there is πF

M,m > πF
D,m,

that is, at this time, the manufacturer’s profits under Mode MF are greater than those under
Mode DF, so the manufacturer has the drive to open up a new channel and shift from Mode
DF to Mode MF; otherwise, there will be πF

M,m < πF
D,m, and the manufacturer will continue

to choose Mode DF. This finding suggests that a manufacturer in a decentralized SC has
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the flexibility to make channel decisions based on consumer loyalty, thereby increasing
their own profits, but, of course, this also places demands on the manufacturer’s market
perception and responsiveness.

Figure 15 shows the trend of the retailer’s profit changing with consumer loyalty under
decentralized decision-making Modes MF and DF. It can be seen that when consumer
loyalty is in the range of α ∈ (0, 0.13) and γ ∈ (0.87, 1), there is πF

M,r > πF
D,r, that is, at this

time, the retailer’s profits under Mode MF are greater than those under Mode DF, so the
retailer will support the manufacturer to open up the new channel, changing from Mode
DF to Mode MF. This finding can tell us that the conditions for the manufacturer to open
up a direct sales channel are different from those for the retailer, which will lead to the
risk of channel conflicts in actual operations. Therefore, reasonable coordination contracts
should be used to ensure that SC participants can maximize their own interests.

7. Conclusions

Under the global development goal of carbon peaking and carbon neutrality, this
paper establishes a three-level MCSC consisting of a leading manufacturer, a retailer, and a
consumer market and constructs modes for centralized and decentralized decision-making.
The optimal decision results of the MCSC under different scenario modes are obtained,
followed by a study of the interrelationship between the factors of the SC based on the
manufacturer’s perspective and answers to the questions raised above.

For question 1, this paper obtained the optimal decision-making results under different
decision-making modes, which are price, carbon emission reduction level, wholesale price,
market demand, and total profit of the SC under centralized decision-making and retailer’s
profit and manufacturer’s profit under decentralized decision-making.

For question 2, we compared the impact of carbon emission costs on the carbon
emission reduction level, the wholesale price, and the retail price under different channels
and found that the carbon reduction level under centralized decision-making is much higher
than that under decentralized decision-making, which means that the carbon reduction
level can be greatly enhanced through centralized decision-making [67]. As for wholesale
prices, we identified a mutual aid mechanism whereby manufacturers can help retailers
who are facing higher carbon emission costs by reducing wholesale prices. Additionally,
in the study of the retail price, we found that the optimal retail price under centralized
decision-making is not always greater than that under decentralized modes.

Then, in the research on consumer loyalty, it was concluded that consumer loyalty
has a direct impact on MCSC decision-making [39], and this impact will act on the SC
through the game between retailer and manufacturer. For example, in the MCSC pricing
problem, we found that they both should set prices based on multiple factors, but since
there is a game between the manufacturer’s direct sales channel and the retailer’s dual
channel in MCSC, based on the results of comparing consumer loyalty to different channels,
the manufacturer can gain control over the retailer by controlling wholesale prices, and
the retailer can use pricing decisions to gain an advantage for themselves. We showed
that the manufacturer will reduce wholesale prices when demand for the retailer’s online
channel increases, and this decision helps the manufacturer to profit, while the retailer can
use pricing decisions to create countermeasures against the manufacturer, resulting in an
SC game.

For question 3, we found that carbon emission costs are negatively correlated with the
total carbon emission reduction and that the total carbon emission reduction of centralized
decision-making under the same carbon emission cost is greater than that of decentralized
decision-making [39,45,62], which is also the case for profit [29,45,56,57]. This shows that
centralized decision-making can improve the level of carbon emission reduction and profit,
and multi-channel centralized decision-making is suitable for manufacturing enterprises
with a sense of social responsibility and environmental protection awareness.

At the same time, the opening of the new channel will bring profit to the whole SC.
Carbon emission costs and consumer loyalty are important factors influencing manufactur-
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ers to open up new direct channels. Only when the two are within a reasonable range can
direct channels bring increased profits to the manufacturer. Therefore, manufacturers need
to make decisions with reference to their own carbon emission costs and consumer loyalty.
In addition, manufacturers can achieve the goal of low carbon emissions by opening online
channels without excessive carbon emissions, which is consistent with the findings of
Zhao et al. [26], among others. Furthermore, we believe that it will be a trend for companies
to become sustainable by opening up direct sales channels, a decision that will not only
offer the opportunity to bring new profits to the SC and improve the market performance
for companies but will also be a good way to help them reduce carbon emissions, and in the
process, those who are more sustainable and responsible may opt for centralized supply
chains that are more conducive to carbon reduction. Of course, due to the inherent influence
factors in the SC, such as consumer loyalty and carbon emission costs, companies will also
need to strengthen their market awareness and ability to respond quickly to changes in
influence factors, which will require them to develop their capabilities in the future.

Our study is a further development of current research in the field of SCM. In previous
studies, scholars have more often considered SC coordination and low-carbon management
in dual-channel or multi-channel situations, but they have not added consumer loyalty,
carbon emission issues, and other factors to the consideration of MCSC research under
realistic conditions, which is somewhat disconnected from the real situation. Our study
is the first to combine the above factors with MCSC and explore the decision-making of
MCSC under the influence of multiple factors, which fills the research gap in the related
research area and can provide some basis for enterprises to make decisions.

This research also has certain limitations, such as the impact of the double marginaliza-
tion effect in decision-making and the cost of manufacturing investment to reduce carbon
emissions, as well as supply chain inventory issues that should be further researched. The
issue of coordination conflicts and differential pricing between channels is not considered,
which also points the way for further research in the future.
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Appendix A

Proof of Theorem 1. In Mode DC, the decision is made jointly by the manufacturer

and the retailer; from ∂2πC
D

∂P2 = −4b < 0, ∂2πC
D

∂P∂θ = βpr + βor,
∂2πC

D
∂θ2 = −η < 0, when∣∣∣∣∣∣

∂2πC
D

∂P2
∂2πC

D
∂P∂θ

∂2πC
D

∂P∂θ
∂2πC

D
∂θ2

∣∣∣∣∣∣ = 4bη − (βor + βpr)
2 ≥ 0, that is, when η ≥ (βor+βpr)

2

4b , πC
D has the opti-

mal solution. Let ∂πC
D

∂P = 0, ∂πC
D

∂θ = 0, then the optimal price PC∗
D and the optimal carbon

emission reduction θC∗
D can be solved, and DC∗

D , πC∗
D can be obtained. �

Proof of Theorem 2. In Mode DF, the solution is based on the inverse induction method.

πF
D,r has a second-order partial derivative of

∂2πF
D,r

∂P2 = −4b < 0 with respect to P, which
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shows that πF
D,r is a concave function with respect to P. Let

∂πF
D,r

∂p = 0, then the retailer’s re-
sponse function to the manufacturer’s decision can be obtained as

P(w, θ) =
a+2b(e+w)+θ(βor+βpr)

4b , which can be brought into the above formula πF
D,m to

obtain πF
D,m = 1

2
(
aw− 2bw(e + w)− ηθ2 + wθ

(
βor + βpr

))
, so there is

∂2πF
D,m

∂w2 = −2b < 0,

∂2πF
D,m

∂w∂θ =
βpr+βor

2 ,
∂2πF

D,m
∂θ2 = −η < 0, and

∣∣∣∣∣∣
∂2πF

D,m
∂w2

∂2πF
D,m

∂w∂θ

∂2πF
D,m

∂w∂θ

∂2πF
D,m

∂θ2

∣∣∣∣∣∣ = 2bη − (βpr+βor)
2

4 ≥ 0, that is,

πF
D,m has the optimal solution when η >

(βpr+βor)
2

8b . Let
∂πF

D,m
∂w = 0,

∂πF
D,m

∂θ = 0 and solve
for the optimal wholesale price wF∗

D and carbon reduction θF∗
D in this mode, which allows

PF∗
D , DF∗

D , πF∗
D,r, πF∗

D,m to be obtained. �

Proof of Theorem 3. In Mode MC, the decision is made jointly by the manufacturer and

the retailer; from ∂2πC
M

∂P2 = −6b < 0, ∂2πC
M

∂P∂θ = βpr + βor + βm, ∂2πC
M

∂θ2 = −η < 0, when∣∣∣∣∣∣
∂2πC

M
∂P2

∂2πC
M

∂P∂θ

∂2πC
M

∂P∂θ
∂2πC

M
∂θ2

∣∣∣∣∣∣ = 6bη − (βpr + βor + βm)
2 ≥ 0, that is, when η >

(βpr+βor+βm)2

6b , πC
M has the

optimal solution. Let ∂πC
M

∂P = 0, ∂πC
M

∂θ = 0, then the optimal price PC∗
M and the optimal carbon

emission reduction θC∗
M can be solved, and DC∗

M , πC∗
M can also be obtained. �

Proof of Theorem 4. In Mode MF, the solution is based on the inverse induction method.

πF
M,r has a second-order partial derivative of

∂2πF
M,r

∂P2 = − 5
2 b < 0 with respect to P, which

shows that πF
M,r is a concave function with respect to P. Let

∂πF
M,r

∂P = 0, then the re-
tailer’s response function to the manufacturer’s decision can be obtained as P(w, θ) =
a+2be+2bw−aα+aαγ+θβor+θβpr

4b , which can be brought into the above formula πF
M,m to obtain

πF
M,m = 1

16

 −8ηθ2 + 8w
(
a− 2b(e + w) + aα(−1 + γ) + θ

(
βor + βpr

))
−

1
b
(
a + 2b(e + w) + aα(−1 + γ) + θ

(
βor + βpr

))(
a + 2b(e + w) + 4aα(−1 + γ) + aα(−1 + γ) + θ

(
−4βm + βor + βpr

))
, so

there is
∂2πF

M,m
∂w2 = − 5

2 b < 0,
∂2πF

M,m
∂w∂θ = 1

4
(
2βm + βor + βpr

)
,

∂2πF
M,m

∂θ2 =
−8bη−(βor+βpr)(−4βm+βor+βpr)

8b < 0, and∣∣∣∣∣∣
∂2πF

M,m
∂w2

∂2πF
M,m

∂w∂θ

∂2πF
M,m

∂w∂θ

∂2πF
M,m

∂θ2

∣∣∣∣∣∣ = 5
(
8bη +

(
βor + βpr

)(
−4βm + βor + βpr

))
−
(
2βm + βor + βpr

)2 ≥ 0

that is, πF
M,m has the optimal solution when η > 1

10b (β2
m + 6βm

(
βor + βpr

)
−
(

βor + βpr
)2
).

Let
∂πF

D,m
∂w = 0,

∂πF
D,m

∂θ = 0 and solve for the optimal wholesale price wF∗
M and carbon

reduction θF∗
M in this mode, which allows PF∗

M , DF∗
M , πF∗

M,r, πF∗
M,m to be obtained. �
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