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Abstract: While carbon emissions reduction brings about environmental benefits, it can also create
financial pressure on many manufacturing enterprises. Many manufacturing enterprises have begun
to pledge their own carbon emissions right quotas for financing and the funds from this financing
are being used to implement energy savings and emissions reduction strategies. To investigate
the impact of carbon emissions right pledge financing on supply chains, this study constructed a
two-echelon low-carbon supply chain, which consisted of a capital-constrained manufacturer and a
retailer. The manufacturer invested in carbon reduction technologies using carbon emissions right
pledge financing. On this basis, we analyzed the carbon emissions reduction levels and profits of the
supply chain in three different power structures. The results showed that the manufacturer pledged
the most carbon emissions rights to finance emissions reduction in the Nash model and, in this case,
the carbon emissions reduction levels and profits of the supply chain were always the highest. In the
manufacturer-led Stackelberg model, the overall economic and environmental benefits of the supply
chain were the lowest. In addition, we analyzed the sensitivity of the important parameters of the
model and revealed some management implications.

Keywords: carbon emissions reduction; financing; power structures; carbon quota

1. Introduction

With the development of the economy and society, carbon emissions from energy
consumption are considered to be one of the important causes of climate change and
environmental deterioration [1]. It is clear that carbon emissions are causing irreversible
damage to the climate. In supply chains, the production processes of upstream enterprises
inevitably produce carbon emissions. In addition, logistics and other parts of supply chains
also produce some carbon emissions that cause environmental pollution [2,3]. Methods
for reducing the carbon emissions that are produced in supply chains and ensuring the
sustainability of society have attracted the attention of the world. In fact, to decrease
carbon emissions, countries have formulated many policies that are related to carbon
emissions reduction. The cap-and-trade system is considered to be one of the most effective
market mechanisms for reducing carbon emissions [4]. The cap-and-trade system first
appeared in the Kyoto Protocol, which came into effect in 2005. The Kyoto Protocol
stipulated that each party’s carbon emissions should not exceed the allocated carbon quota
but also allowed those carbon quotas to be traded among the parties (http://baike.baidu.
com/view/41423.htm, accessed on 4 June 2022). The cap-and-trade system generally
operates within carbon trading systems. There are currently 24 carbon trading systems in
place around the world, with 22 countries and regions considering or actively developing
carbon trading systems (http://www.tanpaifang.com/tanjiaoyi/2021/0428/77660_3.html,
accessed on 4 June 2022).

It is known that the traceability of products within supply chains is becoming an
increasingly urgent requirement that makes it easier for consumers to see the carbon
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emission levels of products [5,6]. With the increase in the consumer awareness of en-
vironmental sustainability, low-carbon products have become more popular [7]. There-
fore, manufacturers and retailers are willing to participate in low-carbon supply chains.
More than 300 enterprises have joined The Climate Pledge, which was co-founded by
Amazon and Global Optimism, to actively implement carbon reduction actions (http:
//www.cb.com.cn/index/show/gd/cv/cv1361573801490, accessed on 4 June 2022). Theo-
retical studies have shown that investments in carbon emissions reduction technologies
can help enterprises to better accomplish the task of carbon emissions reduction [8]. For
example, the application of mixed ammonia combustion technology in coal-fired boilers
can greatly reduce the carbon emissions from coal-fired units (http://gs.people.com.cn/n2
/2022/0124/c183342-35109146.html, accessed on 4 June 2022). However, the application of
new technologies often faces unforeseen challenges, so it is also important to investigate
whether carbon emissions reduction technologies can be well translated into practice [9].

However, due to the lack of funds that are being invested in carbon reduction
technologies, some enterprises have difficulty in reducing their carbon emissions. To
solve this problem, commercial banks have begun to provide loans for enterprises that
are specifically for reducing carbon emissions. Financing for carbon emissions reduc-
tion can effectively restrain the carbon emissions from supply chains [10]. However,
in traditional financing modes, carbon emissions constraints are usually treated as neg-
ative factors for enterprise operation [11]. To enhance the enthusiasm of enterprises
and supply chains for carbon emissions reduction, enterprises can pledge their carbon
emissions right to borrow from the bank [12]. For example, in 2014, the Hubei Yihua
Group borrowed CNY 40 million in loans from the Industrial Bank by pledging its car-
bon emissions rights to implement energy savings and emissions reduction strategies
(http://www.tanpaifang.com/tanguwen/2020/0704/72142.html, accessed on 4 June 2022).
In 2021, a state-owned enterprise used its surplus carbon emissions rights as a pledge
and obtained a loan of CNY 36.52 million, according to the market value of carbon quotas
(https://www.zj.gov.cn/art/2021/10/31/art_1554467_59131862.html, accessed on 4 June
2022). Theoretical studies have also shown that when carbon emissions permits become a
factor in financial and operational decisions, supply chain performance and sustainability
can be significantly improved [11]. However, it is still unclear how the financing mecha-
nisms in carbon pledge financing affect the different parts of supply chains and how many
carbon permits manufacturers are willing to pledge for financing.

Moreover, the existing practices and literature have shown that power structures have
a great influence on the operation and carbon emissions reduction decisions of supply
chains [13]. In general, upstream companies are more likely to be Stackelberg leaders in
supply chains. The large automobile manufacturing company BYD announced that it would
stop the production of fuel vehicles from March 2022 and start to focus on the production
of new energy vehicles (http://www.tanpaifang.com/tanguwen/2022/0405/84462.html,
accessed on 4 June 2022). This decision is bound to have certain impacts on the strategies
and interests of the other supply chain members. In addition, some large retailers may
also become supply chain leaders, such as Wal-Mart and Amazon. Most of Wal-Mart’s
carbon emissions are produced by its supply chain. To reduce the impact of its business
on the environment, Wal-Mart has urged suppliers to seek ways to reduce their carbon
emissions from energy and product design (http://www.tanpaifang.com/tanguwen/2020
/0907/73747.html, accessed on 4 June 2022). A large number of researchers have studied
the influence of power structures on supply chain pricing and performance and have found
that the pricing decisions and profits of supply chain members are different in different
power structures [14]. With the development of more sustainable practices, scholars have
begun to study the influence of different power structures on carbon emissions reduction in
supply chains [15]. However, when the carbon emissions reduction levels of manufacturers
are constrained by capital, it is unknown whether the power structures of supply chains
affect manufacturer decisions on financing and carbon emissions reduction. Therefore,
based on the above analysis, this paper mainly discusses the following issues:
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1. What are the impacts of different power structures on the carbon emissions and profits
of supply chains?

2. How does the conversion coefficient of investments in carbon emissions reduction
technologies affect the carbon emissions and equilibrium results of supply chains?

3. When carbon trading prices fluctuate, how should supply chains adjust their decisions
to adapt to these changes?

In order to study these issues, this study considered a two-echelon low-carbon supply
chain, which consisted of a retailer and a manufacturer. The manufacturer had capital con-
straints and needed to reduce its carbon emissions. To invest in carbon emissions reduction
technology, this manufacturer obtained financing by pledging its carbon emissions quota
to the bank. The consumers in this scenario had low-carbon preference behaviors. On this
basis, this study also investigated supply chain pricing and carbon emissions reduction
decisions in three different power structures: a manufacturer-led Stackelberg (M) power
structure, a retailer-led Stackelberg (R) power structure and a vertical Nash power structure.

Our paper makes the following contributions to the field of low-carbon supply chains.
Firstly, we took a capital-constrained low-carbon supply chain as the research object and
performed a comparative analysis of the supply chain decisions and profits in three power
structures. We found that the supply chain members obtained higher economic benefits
when they became a supply chain leader. However, the supply chain system in the M
power structure had the lowest profits and carbon emissions reduction levels. Secondly,
we took carbon quota pledge financing into account and considered funds from financing
that invested in carbon emissions reduction technologies. On this basis, we analyzed the
influences of the conversion coefficient of the investments in carbon emissions reduction
technologies, the carbon trading prices and the financing interest rates on supply chain
decisions. Research has shown that increases in the conversion coefficients of investments
in carbon emissions reduction technologies and carbon trading prices can produce higher
economic and environmental benefits for supply chains, although increases in carbon
trading prices are unfavorable to retailers. Moreover, rising bank interest rates can also
hurt supply chain interests.

The remaining sections of this paper are arranged as follows. Section 2 reviews the
literature that is relevant to our study. Section 3 introduces the model assumptions and
symbolic representations that are used in this paper. Section 4 describes the construction
of our model and the solution to this paper. In Section 5, some theoretical results from
numerical experiments are presented. The sensitivity analysis of some important param-
eters is discussed in Section 6. Section 7 summarizes the conclusions and management
implications of this paper and explains the limitations of this paper and possible future
research directions.

2. Literature Review

In this section, we review the literature from three areas that are closely related to our
research: supply chain carbon emissions reduction, supply chain financing and supply
chain power structures.

2.1. Supply Chain Carbon Emissions Reduction

With the development of low-carbon economies, the carbon emissions reduction levels
of enterprises are no longer only related to the enterprises themselves but also affect the
development and interests of whole supply chains. Low-carbon supply chains pay more
attention to their sustainability and strive to balance economic, social and environmental
issues from a microeconomic perspective [16]. In low-carbon supply chains, consumers
are often considered to have low-carbon preferences. Du et al. [7] studied the influence
of the low-carbon preferences of consumers on low-carbon supply chains and found that
emissions reduction not only incurred higher production costs but also stimulated the
reverse demand function. Xia et al. [17] took into account the behavioral factors of supply
chain members and studied the influences of reciprocity preferences and the low-carbon
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consciousness of consumers on supply chain pricing and carbon emissions reduction
decisions. Wang et al. [1] found that a green reputation is closely related to emissions
reduction. As a result, supply chain members can enhance their reputation by undertaking
emissions reduction activities, which in turn increase the demand for low-carbon products.
Since investing in carbon emissions reduction technologies can improve the emissions
reduction efficiency of supply chains, Ma et al. [18] studied sustainable supply chain
management under the influence of investments in green technology and government
interventions. Their results showed that higher emissions reduction subsidies encouraged
more investments in green emissions reduction technologies. Based on the above research,
this paper considered the low-carbon preferences of consumers and investments in carbon
emissions reduction technologies. In addition, many other factors in supply chains can also
affect their carbon emissions reduction levels. Yang et al. [19] considered two competitive
supply chains and studied the vertical cooperation for emissions reduction within a single
supply chain and the horizontal cooperation between two manufacturers in two supply
chains. Their results showed that vertical cooperation could improve carbon emissions
reduction rates while horizontal cooperation between manufacturers could harm retailer
profits and consumer welfare. Xu et al. [20] studied energy conservation and emissions
reduction in closed-loop supply chains by considering the factors of uncertain demand
and carbon prices. Yu et al. [21] studied the impact of information sharing on carbon
emissions reduction in supply chains. Their study found that information sharing was
beneficial to suppliers but unfavorable to retailers and that sharing information on demand
significantly reduced emissions from producing unwanted products. Bai et al. [22] and
Daryanto et al. [23] studied the influence of carbon emissions reduction on supply chains
with vendor-managed inventories for dealing with deteriorated goods. Zhang et al. [24]
studied the influence of different carbon quota allocation rules on product prices, carbon
emissions reduction and profit distribution within supply chains.

The above literature on carbon emissions reduction in supply chains has not considered
the problem of the financial constraints of supply chain members. In fact, enterprises
in supply chains often face situations involving difficult turnovers or a lack of capital.
Moreover, supply chains also need a large amount of funds to achieve reductions in
their carbon emissions, which also increases financial pressure on supply chain members.
Therefore, it is of great significance to analyze the carbon emissions reduction levels of
supply chains that are under capital constraints. In addition, the above literature has
only analyzed low-carbon supply chains from the perspective of investments in carbon
emissions reduction technologies. In this paper, the effects of technology development
after investments in carbon emissions reduction are taken into account, which could better
explore the whole process of investing in carbon emissions reduction technologies and
technology development.

2.2. Supply Chain Financing
2.2.1. Traditional Financing Model

Within the research field that is related to supply chain financing, most of the previous
literature has found that supply chain members increase their outputs using financing
and thus, increase their own profits and those of the whole supply chain. For exam-
ple, Chen et al. [25] studied the impacts of buyback guarantee financing and fairness
concerns on the performance of supply chains. Due to the diverse range of financing
methods, comparative research on financing methods has also been favored by scholars.
Ding et al. [26] studied advance payment financing and bank loan financing under capi-
tal constraints for supply chains with uncertain outputs and proposed a loan repayment
contract that could coordinate supply chains. In addition to single financing strategies,
mixed financing models and cooperation between supply chain members have also been
gradually taken into consideration by scholars. Jin et al. [27] compared the advantages
and disadvantages of cooperative and non-cooperative financing strategies when both
suppliers and retailers had financial problems. Their study showed that cooperative financ-
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ing strategies were more desirable for suppliers and supply chains but retailers preferred
non-cooperative strategies. Fang et al. [28] compared the optimal decisions of green supply
chains for green credit financing and mixed financing and presented the best applicable
scenarios for the different financing methods.

2.2.2. Financing for Carbon Emissions Reduction

In order to ensure the sustainable development of supply chains, the members of
low-carbon supply chains also use financing funds to invest in carbon emissions reduction
technologies. An et al. [10] developed a supply chain model that used financing funds to
invest in production and green improvements. They found that both green credit financ-
ing and trade credit financing could effectively curb the carbon emissions of enterprises.
Lu et al. [29] considered two financing strategies for manufacturers that invested in carbon
emissions reduction using external financing. Their study showed that manufacturers
were more willing to invest in carbon emissions reduction technologies than purchase
carbon quotas. Cong et al. [30] analyzed the impacts of green finance mechanisms, cap-
and-trade mechanisms and output uncertainty on the carbon emissions reduction decisions
of manufacturers that had limited capital. Qin et al. [31] studied the influence of advance
payment financing on carbon emissions reduction and supply chain production. Their
results showed that mixed financing could encourage manufacturers to increase their
carbon emissions reduction levels even more. Cao and Yu [32] studied trade credit fi-
nancing in emissions-dependent supply chains and found that caps on carbon emissions
only had an impact on the optimal order quantities in decentralized supply chains. Sub-
sequently, Cao et al. [33] discussed supply chain financing modes following investments
in carbon emissions reduction and found that manufacturer profits decreased when they
invested in carbon emissions reduction while the profits of suppliers and supply chains
increased. Therefore, investments in carbon emissions reduction strategies are necessary
for emissions-dependent supply chains that have limited capital.

2.2.3. Supply Chain Carbon Financing

Although supply chain financing can solve the problem of insufficient funds for
carbon emissions reduction strategies, it cannot effectively revitalize the carbon assets
of enterprises. To help enterprises to revitalize their carbon assets, scholars have found
that supply chain members use carbon assets for financing. For example, Wang et al. [34]
considered the financing methods of manufacturers using the Carbon Emissions Permits
Repurchase Strategy (CEPRS) and studied the production decisions of manufacturers
for normal products and remanufactured products on this basis. Wang et al. [35] found
that under carbon emissions trading mechanisms, carbon credit repurchase policies could
help manufacturers to obtain more loans for production activities, thus improving their
production quantity and total profit. Cao et al. [11] found that when carbon emissions
permits were allowed to be part of financial and operational decisions, the performance
and sustainability of supply chains could be significantly improved. Moreover, it has
been found that manufacturers that have limited capital can obtain financing by pledging
carbon emissions permits to reduce their carbon emissions. Yang et al. [36] combined
carbon financing and supply chain financing to analyze the impact of supply chain carbon
financing (SCCF) on supply chain cooperation and carbon emissions reduction. The SCCF
model pledged the overall carbon quotas of supply chains to banks for financing and the
results showed that the carbon emissions reduction levels that were produced by SCCF
were significantly higher than those of traditional carbon financing models. Chen et al. [37]
also showed that loans that were based on emissions rights produced significant social and
environmental benefits.

Although there have been some studies on the use of carbon assets for supply chain fi-
nancing, there have been few studies on carbon emissions right pledge financing. Moreover,
the previous research models have not highlighted the inherent logic of carbon emissions
pledge financing. Therefore, this study investigated carbon emissions pledge financing in
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low-carbon supply chains. We analyzed the impact of carbon emissions pledge financing
on the operation and decision-making of low-carbon supply chains, thus enriching the
literature within the field of supply chain financing.

2.3. Supply Chain Power Structures

When the power structures of supply chains begin to change, it usually leads to
changes in optimal decisions and profits. The studies of Wang et al. [38] and Li et al. [39]
showed that dominant supply chain members always benefited and that whole supply
chains gained the most profits in the Nash model. By studying the influence of power
structures on the CSR of supply chains, Liu et al. [40] found that CSR efforts were the
highest in the Nash model. In addition, the influence of power structures on sustain-
able development and carbon emissions reduction has also been considered by scholars.
Chen et al. [41] found that the power structures of supply chains could affect the design
of optimal carbon emissions taxes and that appropriate channel leadership was necessary
to achieve sustainable development goals. Chen et al. [42] studied the pricing and carbon
emissions reduction decisions of two-echelon supply chains in different power structures.
Their study showed that carbon emissions were the lowest in the Nash power structure and
the highest in manufacturer-led power structures. Zhang et al. [8] studied the low-carbon
strategies that were chosen by manufacturers in different power structures and found
that imbalanced power structures were conducive to reducing carbon emissions. They
concluded that governments should advocate for manufacturers to adopt green technolo-
gies to reduce emissions in imbalanced power structures. Ji et al. [15] constructed single
emissions reduction models and cooperative emissions reduction models in different power
structures and found that supply chain profits were higher under manufacturer leadership
but when unit carbon prices increased, retailer leadership had better effects on improving
the profits and low carbon levels of supply chains than manufacturer leadership. However,
Jiang et al. [43] explored prefabricated building supply chain models in different power
structures and carbon cap-and-trade systems and found that supply chain pricing was
different in different power structures but it had no influence on carbon emissions reduction
decisions. Compared to supply chain pricing and carbon emissions reduction strategies,
there has been little research on the influence of power structures on supply chain financing.
Tang et al. [44] studied the optimal emissions reduction and pricing decisions of supply
chains in two power structures and under the capital constraints of manufacturers and
analyzed financing mechanisms in the different power structures. They found that the
power structure had no influence on the choice of financing mechanism among retailers.

However, few of the previous studies have combined power structures with supply
chain capital constraints. In fact, the members of supply chains often face financial problems.
Therefore, this study considered a manufacturer that was constrained by a lack of funds
for carbon emissions reduction. On this basis, we investigated the influence of different
power structures on the optimal decisions of supply chains. Table 1 shows the differences
between our model and previous studies.

Table 1. The differences between our model and those from previous studies.

Author(s) Carbon Emissions Reduction Power Structures Capital Constraints Financing Mode
Carbon Pledge Financing Other

Du et al. (2015) [7] P P
Ma et al. (2021) [18] P

Fang et al. (2020) [28] P P
Cong et al. (2020) [30] P P P
Cao and Yu (2019) [11] P P P
Chen et al. (2021) [37] P P P
Yang et al. (2018) [36] P P P P
Liu et al. (2021) [40] P
Ji et al. (2022) [15] P P

Tang et al. (2020) [44] P P P P
Our model P P P P
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In conclusion, it can be seen from the above literature review that there has been
some progress made within the fields of supply chain carbon emissions reduction, supply
chain financing and supply chain power structures. However, there have been few studies
on carbon emissions reduction in supply chains that are under the influence of capital
constraints and power structures. Moreover, there has been especially little literature
on the financing methods of carbon emissions right pledge financing. Therefore, this
study constructed a two-echelon low-carbon supply chain, which was composed of a
manufacturer and a retailer. We developed a model for carbon emissions pledge financing
in low-carbon supply chains that have capital constraints and considered three different
supply chain power structures. On this basis, we analyzed the optimal pricing, profitability
and carbon emissions reduction decisions of low-carbon supply chains.

3. Model Mechanisms and Assumptions

This section introduces the notations that are used in this paper and the basic assump-
tions of the model.

3.1. Notations

The notations that were involved in this model and their definitions are shown in
Table 2. The subscripts M and R denote the manufacturer and retailer, respectively. The
superscript N represents the Nash model, the superscript M represents the manufacturer-
led Stackelberg model and the superscript R represents the retailer-led Stackelberg model.

Table 2. Notations.

Decision Variables

w Product wholesale price for the manufacturer, w > 0
p Retail price of the product, p > w
n Carbon quota pledge rate of the manufacturer

Model Parameters

δ The profit margin of the retailer, δ = p − w, δ > 0
η The sensitivity of consumers to the levels of carbon reduction, η > 0
Q Market demand function of the supply chain
a Potential market demand
b The sensitivity of consumers to the retail price of products
pe Unit carbon trading price, pe > 0
E Carbon cap issued by the government for the manufacturer, E > 0
e0 Initial carbon emissions per product, e0 > 0
F Loans obtained by the manufacturer using pledges of carbon quotas
I Amount of investment from the manufacturer in carbon emissions reduction technologies
α Conversion coefficient of investment in carbon emissions reduction technologies
e The carbon emissions reduction level of the manufacturer, e = αI1/2

r Bank interest rates
β Bank pledge rates
Π The total profit function of the supply chain
ΠM The profit function of the manufacturer
ΠR The profit function of the retailer

3.2. Model Assumptions

To make the model more feasible and realistic, we made the following assumptions.
A1. There was information sharing about demand among the supply chain members

and all members were risk neutral (see Ding and Wan [26]).
A2. The manufacturer was constrained by capital and needed to conduct carbon

emissions reduction. In order to accomplish the carbon emissions reduction task, the
manufacturer obtained capital by pledging a carbon emissions quota ratio of n and the
bank pledge rate was β and the loan amount was F = βnEpe (http://www.tanjiaoyi.com/
article-35698-4.html, accessed on 4 June 2022). All of the obtained loans were invested in

http://www.tanjiaoyi.com/article-35698-4.html
http://www.tanjiaoyi.com/article-35698-4.html
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carbon emissions reduction technologies (F = I). We did not consider the manufacturer
defaulting on their repayments.

A3. With the increase in investments in carbon emissions reduction technologies, the
funds that were needed to reduce the same amount of carbon emissions also increased,
so the carbon emissions reduction level could be described as e = αI

1
2 (similar to Wang

et al. [45]).
A4. The consumers had low carbon preferences and market demand was influenced

by retail prices and carbon emissions reduction levels [17]. Therefore, the market demand
function that was faced by the supply chain was Q = a− bp + ηe, where a is the potential
market demand, b is the sensitivity of the consumers to product prices and η is the sensi-

tivity of the consumers to carbon emissions reduction levels. We made b <
a+αη
√

βnEpe
p to

guarantee a market demand of Q > 0.
A5. Under the cap-and-trade system, the manufacturer could choose to buy carbon

quotas within the carbon market or sell excess carbon quotas to complete the task of carbon
emissions reduction. The amount of carbon quotas they traded was e0Q− αI

1
2 − E, where

e0Q represents the original total carbon emissions of the manufacturer, αI
1
2 represents

the carbon emissions reduction that was caused by the investment in carbon emissions
reduction technologies and E represents the total carbon quota of the manufacturer. When
e0Q− αI

1
2 − E > 0 (i.e., the actual carbon emissions of the manufacturer exceeded their

carbon quota), the manufacturer needed to purchase additional carbon quotas; otherwise,
it could sell the excess carbon quotas [46].

A6. For the convenience of our calculations and without a loss of generality, the initial
cost to the manufacturer was assumed to be 0 and the production costs of the manufacturer
were not included.

4. Model Formulation and Analysis

Based on the above assumptions, we considered a two-echelon low-carbon supply
chain, which consisted of a capital-constrained manufacturer and a retailer. In order to
reduce the carbon emissions, the manufacturer needed to obtain carbon quota pledge
financing. The manufacturer pledged part of its carbon quota to banks for financing and
all of the financing funds were invested in carbon emissions reduction technologies. The
manufacturer could trade carbon within the carbon market. The manufacturer then sold
the product for w per unit to the retailer, who in turn sold the product to the consumer
for p per unit. Finally, the manufacturer paid back the bank loans at the end of the sale
period. Figure 1 depicts this model. Since the default situation and production costs of the
manufacturer were not considered, the manufacturer profits were given by:

∏
M

= wQ− (e0Q− α
√

βnEpe − E)pe − (1 + r)βnEpe (1)

where the first term indicates the product wholesale income of the manufacturer, the
second term denotes the benefits/costs of carbon trading and the third term can be broken
down into the amount of investment from the manufacturer in carbon emissions reduction
technologies and the interest of the carbon quota pledge financing.

We considered three supply chain models in different power structures: a balanced
power structure model, namely the Nash equilibrium, and imbalanced power structures,
namely the retailer-led and manufacturer-led Stackelberg models. In the balanced power
structure, the manufacturer and retailer made decisions simultaneously. In the imbalanced
power structures, we used a backward induction method to solve the problem. Within the
supply chain, the follower reacted according to the decisions of the leader and the leader
made decisions according to the reaction functions of the follower.
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Figure 1. A graphical representation of the model.

The profit function for the retailer was given by:

∏
R

= (p− w)Q (2)

4.1. The Nash (N) Model

Under the Nash equilibrium power structure, the manufacturer and the retailer simul-
taneously determined their wholesale price w, carbon emissions ratio n and profit margin
δ, where δ = p− w.

Proposition 1. When 2b(pe + ηw− e0ηpe)− αη2√βnEpe > 0, in the Nash power structure,
the optimal decision of the manufacturer is given by:

wN =
peα2η(1− eoη) + 2(a + 2be0 pe)(1 + r)

−α2η2 + 6b(1 + r)

nN =
α2(aη + 3bpe − bηe0 pe)

2

βEpe(−α2η2 + 6b(1 + r))2

As p = w + δ, the optimal decision of the retailer is given by:

pN =
peα2η(2− eoη) + 2(2a + be0 pe)(1 + r)

−α2η2 + 6b(1 + r)

When e = α
√

βnEpe, the optimal carbon emissions reduction level for the equilibrium state is
given by:

eN = α2

√√√√ (aη + 3bpe − be0ηpe)
2

(−α2η2 + 6b + 6br)2

The proofs of Proposition 1 and the subsequent propositions are given in “Appendix A”.
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Theorem 1. In the Nash (N) model, the equilibrium profits of the supply chain members are
given by:

ΠN
M = pe

(
E− e0 Ψ3 + α2 Ψ2

Ψ1

)
+

Ψ3 Ψ4

Ψ1
− α2 (r + 1)Ψ2

2

Ψ1
2

ΠN
R =

Ψ3
(
η pe α2 + 2 a + 2 a r− 2 b e0 pe − 2 b e0 pe r

)
Ψ1

where: 
Ψ1 = −α2 η2 + 6 b + 6 b r
Ψ2 = a η + 3 b pe − b e0 η pe

Ψ3 = a + α2 η Ψ2
Ψ1
− b ( pe α2 η(2−e0η)+2(1+r)(2a+b e0 pe))

Ψ1
Ψ4 = pe α2 η(1− e0η) + 2(1 + r)(a + 2b e0 pe)

4.2. The Retailer-Led Stackelberg (R) Model

In the retailer-led supply chain, the retailer adopted the profit margin pricing method [47].
The retail price was determined by the profit margin of the retailer δ and the wholesale
price that was set by the manufacturer w, i.e., p = w + δ [48]. In the Stackelberg model,
we used backward induction to solve the problem. The retailer first determined its profit
margin δ according to the response function of the manufacturer and then the manufacturer
determined its wholesale price w and the carbon emissions quota ratio n that was to
be pledged.

Proposition 2. When 2b(pe + ηw − e0ηpe) − αη2√βnEpe > 0 and as p = w + δ, in the
retailer-led Stackelberg model, the optimal decision of the retailer is given by:

pR =
−peα4η3 + 2(1 + r)

(
3peα2bη − e0 peα2bη2 − aα2η2)+ 4(1 + r)2( e0 peb2 + 3ab

)
4b (r + 1) (−α2η2 + 4b + 4br)

The optimal decision of the manufacturer is given by:

wR =
−2 e0 peα2η2 + peα2η + 2a + 2ar + 6be0 pe + 6be0 per

−2α2η2 + 8b + 8br

nR =
α2 (2aη + 8bpe − α2η2 pe + 2aηr + 8bper− 2be0ηpe − 2be0ηper

)2

16Eβpe (r + 1)2 (−α2η2 + 4b + 4br)2

Using e = α
√

βnEpe, the optimal carbon emissions reduction level for the equilibrium state
is given by:

eR =
α2
√
(2aη + 8bpe − α2η2 pe + 2aηr + 8bper− 2be0ηpe − 2be0ηper)

2

4(r + 1)
√
(−α2η2 + 4b + 4br)2

Theorem 2. In the retailer-led Stackelberg (R) model, the equilibrium profits of the supply chain
members are given by:

ΠR
R =

Ψ5
(
ηpeα2 + 2a + 2ar− 2be0 pe − 2be0 per

)
16 b (r + 1)

ΠR
M =

4(4Epe + αpe Ψ6 − e0 pe Ψ5)Ψ8 + 2Ψ5
(

pe α2 η(1− 2e0η) + 2(1 + r)(a + 3b e0 pe)
)
−Ψ6

2Ψ8(r + 1)
16Ψ8
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where:

Ψ5 =
peα4η3+Ψ8(r+1)(4a−α η Ψ6)−2(1+r)(3peα2bη− e0 peα2bη2− aα2η2)−4(1+r)2( e0 peb2+3ab)

Ψ8(r+1)

Ψ6 =

√
Ψ7

Ψ8
2(r+1)2

Ψ7 = α2 (2(1 + r)( a η + 4 b pe − b e0 η pe)− α2 η2 pe
)2

Ψ8 = −α2η2 + 4b + 4br

4.3. The Manufacturer-Led Stackelberg (M) Model

In the manufacturer-led supply chain, the manufacturer first decided its wholesale
price and the carbon emissions quota ratio that was to be pledged according to the optimal
response function and then the retailer decided its retail price according to the decision of
the manufacturer. The backward induction method was also used to solve this problem.

Proposition 3. When 8b
√

βnEpe(2pe + ηw − e0ηpe) − α2η2 > 0, in the manufacturer-led
Stackelberg model, the optimal decision of the manufacturer is given by:

wM =
peα2η(2− eoη) + 4(a + be0 pe)(1 + r)

−α2η2 + 8b(1 + r)

nM =
α2(aη + 4bpe − bηe0 pe)

2

βEpe(−α2η2 + 8b(1 + r))2

The optimal decision of the retailer is given by:

pM =
peα2η(3− eoη) + 2(3a + be0 pe)(1 + r)

−α2η2 + 8b(1 + r)

Using e = α
√

βnEpe, the optimal carbon emissions reduction level for the equilibrium state
is given by:

eM = α 2

√√√√ (a η + 4 b pe − b e0 η pe)
2

(−α2 η2 + 8 b + 8 b r)2

Theorem 3. In the manufacturer-led Stackelberg (M) model, the equilibrium profits of the supply
chain members are given by:

ΠM
M = pe (E− e0 Ψ11 + α Ψ10) +

Ψ11 Ψ9

−α2 η2 + 8 b + 8 b r
− α2 (r + 1) (a η + 4 b pe − b e0 η pe)

2

(−α2 η2 + 8 b + 8 b r)2

ΠM
R =

(
(a + α ηΨ10)

(
−α2 η2 + 8 b + 8 b r

)
− bΨ9

)2

4b(−α2 η2 + 8 b + 8 b r)2

where: 
Ψ9 = pe α2 η(2− e0 η) + 4 (1 + r)(a + b e0 pe)

Ψ10 =

√
α2 (a η+4 b pe−b e0 η pe)

2

(−α2 η2+8 b+8 b r)2

Ψ11 =
(a+α η Ψ12)(−α2 η2+8 b+8 b r)−b Ψ11

2(−α2 η2+8 b+8 b r)
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5. Numerical Analysis

In this section, we present the results from our numerical analysis on the above models,
which explored how different power structures affected carbon emissions reduction levels,
pricing, the pledge rates of carbon emissions rights and the profits of supply chain members.
Since it was difficult to collect various production and operation data from the correct
company, we used the following simulation datasets to further analyze the above models:

Set1 : a = 500; b = 1; E = 400; e0 = 2; β = 0.8; r = 0.04; η = 0.5; pe = 40; α = 1.2.
Set2 : a = 500; b = 1; E = 400; e0 = 2; β = 0.8; r = 0.04; η = 0.5; pe = 40; α = 1.5.
Set3 : a = 500; b = 1; E = 400; e0 = 2; β = 0.8; r = 0.04; η = 0.5; pe = 40; α = 1.8.
Set4 : a = 500; b = 1; E = 400; e0 = 2; β = 0.8; r = 0.04; η = 0.5; pe = 50; α = 1.8.
Set5 : a = 500; b = 1; E = 400; e0 = 2; β = 0.8; r = 0.04; η = 0.5; pe = 60; α = 1.8.

In the above datasets, Set 3 was used as the baseline. Sets 1–3 represented the situation
in which the conversion coefficient of the investment in carbon emissions reduction tech-
nologies was α = 1.2, α = 1.5, α = 1.8. According to the Report on China’s Carbon Price in
2021, the carbon price fluctuated between 40–60 from the opening of China’s national car-
bon market on July 16 2021 to the end of the first implementation cycle on 31 December 2021
(http://www.tanpaifang.com/tanguwen/2022/0312/83391.html, accessed on 4 June 2022).
Therefore, Sets 3–5 represented the influence of carbon price fluctuation on the optimal
solution and the carbon price was 40, 50 and 60, respectively. We used MATLAB to obtain
the optimal solutions to Sets 1–5, as shown in Table 3.

Table 3. The optimal solution in the different power structures.

Power Structure Set w n p e ΠM ΠR Π

Nash Model

Set 1 233.469 0.354 386.939 80.816 38,068 23,553 61,621
Set 2 241.797 0.594 403.593 130.779 39,504 26,178 65,682
Set 3 252.818 0.935 425.635 196.906 41,297 29,866 71,163
Set 4 268.14 0.841 436.28 208.84 44,713 28,271 72,984
Set 5 283.462 0.784 446.925 220.774 48,321 26,720 75,041

Retailer-Led
Stackelberg Model

Set 1 198.737 0.257 415.66 68.794 29,432 25,757 55,189
Set 2 207.672 0.438 428.489 112.323 30,961 28,192 59,153
Set 3 220.06 0.708 445.637 171.393 33,043 31,594 64,637
Set 4 236.269 0.653 455.74 184.017 36,901 29,907 66,808
Set 5 252.478 0.622 465.843 196.641 40,937 28,266 69,203

Manufacturer-Led
Stackelberg Model

Set 1 306.734 0.243 420.101 66.935 41,146 12,852 53,998
Set 2 316.829 0.4 435.243 107.316 43,013 14,022 57,035
Set 3 329.907 0.614 454.86 159.627 45,433 15,613 61,046
Set 4 343.143 0.575 464.714 172.57 48,628 14,780 63,408
Set 5 356.378 0.553 474.567 185.513 52,021 13,969 65,990

It can be seen from Table 3 that the total profits of the supply chain in the N power
structure were always greater than those in the M and R power structures, i.e., when
a power imbalance occurred in the supply chain, the economic benefits for the supply
chain declined. This result occurred because the supply chain members only pursued the
maximization of their interests in the Nash model. The retailer lowered retail prices to make
more profits. Moreover, the manufacturer hoped to improve its carbon emissions reduction
level in order to meet the low-carbon preferences of the consumers [17]. Therefore, the
manufacturer chose to pledge more carbon emissions rights to obtain the funds that were
needed for its investments in carbon emissions reduction technologies, thus increasing their
carbon emissions reduction and ultimately increasing the profits of the whole supply chain.

In the manufacturer-led supply chain, the manufacturer set the largest wholesale price
so the profits were greater than those in the other two power structures. This was because
in the M power structure, the manufacturer could make decisions based on the response of

http://www.tanpaifang.com/tanguwen/2022/0312/83391.html
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the retailer. To increase its profits and reduce its financing costs, the manufacturer raised
the wholesale prices and reduced the pledge rates of its carbon emissions rights. Therefore,
the carbon emissions reduction level of the whole supply chain also decreased. In addition,
the high wholesale prices led to the retailer raising its retail prices, which in turn led to
a sharp drop in market demand. Therefore, the profit margins of the retailer and market
demand for the products declined and the profits of the retailer in the M power structure
were lower than those in the other two power structures.

In the retailer-led supply chain, due to the imbalanced power structure, the retailer
forced the manufacturer to lower the wholesale price, thus increasing the profit margin
of the retailer. As the wholesale price was too low, the manufacturer lost the motivation
to reduce its carbon emissions. Thus, the manufacturer pledged fewer carbon emissions
rights for financing and the level of carbon emissions reduction within the supply chain
decreased. Therefore, in the R power structure, the profits of the retailer increased but
the profits of the manufacturer decreased. Compared to the M power structure, in the
R power structure, the retailer did not excessively raise retail prices, which caused the
market demand to plummet. As the manufacturer had no competitive advantage in terms
of pricing, it pledged more carbon emissions rights to improve the efficiency of the supply
chain. Therefore, the total benefit of the supply chain in the R power structure was higher
than that in the M power structure.

From Table 3 and the above analysis, we concluded the following regarding carbon
emissions reduction, pricing, the pledge rates of carbon emissions rights and the profits of
supply chain: (1) although the total profits of the supply chain reached the highest levels in
the Nash model, the profits of the manufacturer and retailer only reached the maximum
values in the respective supply chain in which they were leaders; (2) the supply chain
member that was the leader set prices in their own favor, i.e., the wholesale price that was
set by the manufacturer was the largest in the manufacturer-led supply chain but the profit
margin of the retailer was the largest in the retailer-led supply chain; (3) the pledge rate of
the manufacturer for the carbon emissions rights was the highest in the N power structure
and the lowest in the M power structure, which meant that the carbon emissions reduction
level of the supply chain in the N power structure was always the highest while it was
always low in the M power structure.

6. Sensitivity Analysis

In this section, we discuss the sensitivity of some key parameters in the investigated
models in order to study the influence of these key parameters on the optimal supply
chain decisions, supply chain profits and supply chain carbon emissions reduction levels
in different power structure models. To facilitate the study of the sensitivity of specific
parameters, we only changed the values of the parameters that were under consideration
and the values of the other parameters remained unchanged.

We used Set 3 as a benchmark:

Set3 : a = 500; b = 1; E = 400; e0 = 2; β = 0.8; r = 0.04; η = 0.5; pe = 40; α = 1.8.

6.1. Impact of the Conversion Coefficient of Investment in Carbon Emissions
Reduction Technologies

Figure 2 shows the influence of the conversion coefficient of the investment in carbon
emissions reduction technologies on the carbon emissions reduction levels and profits of
the supply chain.

In Figure 2, it can be seen that the carbon emissions reduction levels in all of the power
structures increased significantly with the increase in the conversion coefficient of the
investment in carbon emissions reduction technologies and that the profits of all members of
the supply chain also increased. This was because the increase in the conversion coefficient
of the investment in carbon emissions reduction technologies represented the increase in
carbon emissions reduction levels that was produced by that investment [45]. Combined
with the results in Table 3, it is easy to see that an increase in the conversion coefficient of



Energies 2022, 15, 5721 14 of 22

the investment in carbon emissions reduction technologies made the manufacturer pledge
more carbon emissions rights for financing. Meanwhile, due to the increase in technology
investments and the greenness of products, the prices of products that were set by the
supply chain members also increased. In addition, the market demand increased due to the
rapid growth of the carbon emissions reduction level and that sudden increase in market
demand exceeded the decrease in market demand that was caused by the increase in retail
price. Therefore, the profits of the supply chain members increased.
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6.2. Impact of Carbon Trading Prices

Figure 3 shows the influence of carbon trading prices on the carbon emissions reduc-
tion levels and profits of the supply chain.

When considering the fluctuations in carbon trading prices, we found that an increase
in carbon trading price in the different power structures was beneficial for both the man-
ufacturer and the supply chain as a whole but was disadvantageous for the retailer. The
reason behind this result was that when the carbon trading price increased, the manu-
facturer could obtain the same funds as before by pledging fewer carbon quotas, thus
increasing its level of carbon emissions reduction while reducing its financing costs. In
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addition, although the pricing by both the manufacturer and the retailer increased with the
increase in carbon trading price, the retail price could not be significantly increased due
to the constraints of the market demand, which led to a decline in the profit margins and
profits of the retailer.
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6.3. Impact of Bank Interest Rates

Table 4 shows the sensitivity of the optimal decisions of the supply chain with respect
to the bank interest rates.

Figure 4 shows the influence of bank interest rates on the carbon emissions reduction
levels and profits of the supply chain.
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Table 4. The sensitivity of the optimal decisions of the supply chain with respect to r.

Power Structure r w n p

Nash Model

0.02 253.559 0.978 427.119
0.04 252.818 0.935 425.635
0.06 252.108 0.895 424.216
0.08 251.429 0.857 422.857
0.1 250.777 0.822 421.554

Retailer-Led Stackelberg Model

0.02 220.917 0.742 446.8
0.04 220.06 0.708 445.637
0.06 219.242 0.677 444.525
0.08 218.462 0.647 443.461
0.1 217.716 0.62 442.443

Manufacturer-Led Stackelberg Model

0.02 330.776 0.642 456.163
0.04 329.907 0.614 454.86
0.06 329.074 0.589 453.612
0.08 328.276 0.565 452.414
0.1 327.509 0.543 451.264
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As an important factor that influenced the financing costs of the manufacturer, the
bank interest rates for carbon pledge financing also affected the decision-making and profits
of the supply chain. As can be seen from Table 4 and Figure 4, in all supply chain power
structures, the manufacturer pledged fewer carbon emissions rights for financing with the
increase in bank interest rates, thus causing the carbon emissions reduction level of the
supply chain to drop significantly. This was because the increase in bank interest rates
increased the financing costs for the manufacturer, thus reducing the willingness of the
manufacturer to reduce its carbon emissions via financing. In addition, consumers with
low-carbon preferences were less willing to buy products from the supply chain, which in
turn forced the manufacturer and retailer to lower their prices. As a result, the profits of
the supply chain decreased with the increase in bank interest rates.

7. Conclusions

Due to the irreversible harm that is caused to the environment by carbon emissions,
the carbon emissions reduction behavior of supply chains has become a serious concern for
society. The emergence of consumer preferences for low-carbon products has also made
enterprises pay more attention to their carbon emissions reduction levels. However, the
capital constraints of manufacturers and the power structures of supply chain members
also restrict the carbon emissions reduction behavior. Therefore, we considered a two-
echelon low-carbon supply chain, which consisted of a capital-constrained manufacturer
and a retailer. The manufacturer invested in carbon emissions reduction technologies
using carbon quota pledge financing. We developed three different supply chain power
structures to explore the effects of carbon pledge financing mechanisms and supply chain
power structures on supply chain decisions and profits: the Nash model and retailer-led
and manufacturer-led Stackelberg models. Using numerical and sensitivity analyses, the
following insights were obtained. (1) The power structure of the supply chain affected the
decision-making and profits of the supply chain. In the N power structure, the manufac-
turer pledged the most carbon rights to finance its emissions reduction and, in this case,
the supply chain carbon emissions reduction levels and profits were always the highest.
(2) The profits of the manufacturer and retailer reached the maximum values in the M and
R power structures, respectively. The M power structure had a negative impact on the
profits and carbon emissions reduction levels of the supply chain. (3) The carbon emissions
reduction levels and profits of the manufacturer and the retailer all increased with the
increase in the conversion coefficient of the investment in carbon emissions reduction
technologies. (4) Higher carbon trading prices not only increased the economic benefits for
the supply chain but also decreased the carbon emissions reduction levels of the supply
chain. However, higher carbon trading prices harmed the interests of the retailer. (5) As the
interest rates for carbon emissions right pledge financing increased, the costs of financing
for the manufacturer also increased. As a result, the profits and carbon emissions reduction
levels of the supply chain were reduced.

In addition, our research yielded some management implications. First, when possible,
governments should introduce regulations to ensure the balance of power within supply
chains as supply chains could obtain higher economic and environmental benefits in the
N power structure. Second, in imbalanced power structures of supply chains, retailers
should become the leaders in low-carbon supply chains to obtain higher profits and carbon
emissions reduction levels. Third, in order to ensure the smooth implementation of carbon
emissions reduction strategies and maintain environmental benefits, banks should provide
more favorable interest rates for carbon quota pledge financing. Fourth, because higher
conversion coefficients of investments in carbon emissions reduction technologies could
produce higher carbon emissions reduction rates, manufacturers should conduct research
in advance when investing in carbon emissions reduction technologies to enhance the
effectiveness of their investments. Finally, although increases carbon trading prices harm
the interests of retailers, carbon trading prices still need to be steadily increased in the long
run to increase the sustainability of supply chains.
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Although this study integrated power structures and carbon pledge financing for
low-carbon supply chains, it still had some limitations. First, we only considered the
carbon emissions reduction behavior of the manufacturer in our models, but with the
development of supply chain sustainability, many retailers could also participate in the
carbon emissions reduction strategies. Future studies should take into account the efforts
of retailers to reduce their carbon emissions. In this direction, manufacturers should invest
in carbon emissions reduction technologies and retailers should invest in the promotion
of low-carbon products within supply chains. Second, we did not consider solutions for
the loss of one party’s interests that was caused by the power imbalance. Future research
should be extended on this basis to design supply chain contracts that can coordinate the
interests of all parties, such as cost sharing or revenue sharing. Finally, our study only
considered external financing modes, i.e., carbon emissions right pledge financing, and
did not compare external modes to internal financing modes for supply chains. Therefore,
based on this study, we could only compare advance payment financing to carbon emissions
right pledge financing to explore the advantages, disadvantages and application scopes
of the different financing modes, thus providing more targeted financing strategies for
low-carbon supply chains.
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Appendix A

Proof of Proposition 1. The profit function of the manufacturer is given by:

∏
M

= wQ− (e0Q− α
√

βnEpe − E)pe − (1 + r)βnEpe

The profit function of the retailer is given by:

∏
R

= δQ

Using ∂2 ∏R
∂δ2 = −2b < 0, it can be seen that the profits of the retailer are represented by

the concave function of the profit margin of the retailer.
The corresponding Hessian matrix of the profit function of the manufacturer is

given by:

H =

(
∂2 ∏M

∂w2
∂2 ∏M
∂w∂n

∂2 ∏M
∂n∂w

∂2 ∏M
∂n2

)
=

(
−2b Ψ1

Ψ1 − E2αβ2 p2
e (pe+ηw−e0ηpe)

Ψ2

)

where Ψ1 = αβηEpe

2
√

βnEpe
, Ψ2 = 4(βnEpe)

3/2.

Now, the leading principal minors are M1 = −2b < 0 and

|H| = αβ2nE2 p2
e (2b(pe+ηw−e0ηpe)−αη2

√
βnEpe)

nΨ2
> 0 when 2b(pe + ηw− e0ηpe)− αη2√βnEpe >

0. Thus, the Hesse matrix is a negative definite when 2b(pe + ηw− e0ηpe)− αη2√βnEpe > 0.
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Then, the optimal solution for the decision variables can be obtained using the first-
order conditions for optimality, i.e.:

∂ ∏R
∂δ = 0, ∂ ∏M

∂w = 0, ∂ ∏M
∂n = 0

wN = peα2η(1−eoη)+2(a+2be0 pe)(1+r)
−α2η2+6b(1+r)

nN = α2(aη+3bpe−bηe0 pe)
2

βEpe(−α2η2+6b(1+r))2

δN = peα2η+2(a−be0 pe)(1+r)
−α2η2+6b(1+r)

As p = w + δ, the optimal decision of the retailer is given by:

pN =
peα2η(2− eoη) + 2(2a + be0 pe)(1 + r)

−α2η2 + 6b(1 + r)

�

Proof of Proposition 2. In the retailer-led supply chain, we used backward induction to
solve the problem and the retailer used profit margin pricing.

First, the Hessian matrix of the profit function of the manufacturer is given by:

H =

(
∂2 ∏M

∂w2
∂2 ∏M
∂w∂n

∂2 ∏M
∂n∂w

∂2 ∏M
∂n2

)
=

(
−2b Ψ1

Ψ1 − E2αβ2 p2
e (pe+ηw−e0ηpe)

Ψ2

)

As with the proof of Proposition 1, the Hessian matrix is a negative definite when
2b(pe + ηw− e0ηpe)− αη2√βnEpe > 0.

By letting ∂ ∏M
∂w = 0, ∂ ∏M

∂n = 0, the optimal response function of the manufacturer is
given by:

w(δ) = peα2η(1−eoη)+2(a+be0 pe−bδ)(1+r)
−α2η2+4b(1+r)

n(δ) = (aαη+2αbpe−αbδη−αbηe0 pe)
2

βEpe(−α2η2+4b(1+r))2

By substituting the above value of w(δ), n(δ) into the profits of the retailer and letting
∂ ∏R

∂δ = 0, the following can be obtained:

δR∗ =


σ2

−2α2η2+4b+4 br
σ2

4b (r+1)
− σ1

4b (−α2η2+b+br)
− σ1

2b (−α2η2+2b+2br)


Since there are four stagnation points, we obtain δR, which maximizes the profits of

the retailer by comparing the profits of the retailer at the four stagnation points. Therefore,
δR is the optimal profit margin of the retailer in the R power structure:

δR =
peα2η + 2(a− be0 pe)(1 + r)

4b(1 + r)
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By substituting the above value of δR into w(δ), n(δ), the optimal decision of the
manufacturer is given by:

wR = −2 e0 peα2η2+peα2η+2a+2ar+6be0 pe+6be0 per
−2α2η2+8b+8br

nR =
α2 (2aη+8bpe−α2η2 pe+2aηr+8bper−2be0ηpe−2be0ηper)

2

16Eβpe (r+1)2 (−α2η2+4b+4br)2

As p = w + δ, the optimal decision of the retailer is given by:

pR =
−peα4η3 + 2(1 + r)

(
3peα2bη − e0 peα2bη2 − aα2η2)+ 4(1 + r)2( e0 peb2 + 3ab

)
4b (r + 1) (−α2η2 + 4b + 4br)

�

Proof of Proposition 3. In the manufacturer-led supply chain, we again adopted backward
induction to solve the model.

Using ∂ ∏r
∂p = 0, the optimal response function of the retailer is as follows:

p(w, n) =
a + bw + αη

√
βnEpe

2b

By substituting the above value of p(w, n) into the profits of the manufacturer, the
Hessian matrix of the profit function of the manufacturer is given by:

H =

(
∂2 ∏M

∂w2
∂2 ∏M
∂w∂n

∂2 ∏M
∂n∂w

∂2 ∏M
∂n2

)
=

(
−b Ψ1

2
Ψ1
2 − E2αβ2 p2

e (2pe+ηw−e0ηpe)
2Ψ2

)

Now, the leading principal minors are M1 = −b < 0 and

|H| = αβEpe(8bβnEpe(2pe+ηw−e0ηpe)−α2η2
√

βnEpe)
16nΨ2

> 0 when 8b
√

βnEpe(2pe + ηw− e0ηpe)−
α2η2 > 0. Thus, the Hessian matrix is a negative definite when 8b

√
βnEpe(2pe + ηw−

e0ηpe)− α2η2 > 0.
Then, the optimal solution for the manufacturer can be obtained using the first-order

conditions for optimality, i.e.: ∂ ∏M
∂w = 0, ∂ ∏M

∂n = 0.The optimal decision of the manufacturer
is given by:

wM = peα2η(2−eoη)+4(a+be0 pe)(1+r)
−α2η2+8b(1+r)

nM = α2(aη+4bpe−bηe0 pe)
2

βEpe(−α2η2+8b(1+r))2

By substituting the above value of wM, nM into p(w, n), the optimal decision of the
retailer is given by:

pM =
peα2η(3− eoη) + 2(3a + be0 pe)(1 + r)

−α2η2 + 8b(1 + r)

�
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