
Citation: Dong, F.; Shi, C.; Yu, W.

Coordinated Decision-Making in

Embedded Supply Chain from a

Sustainable Development

Perspective. Sustainability 2023, 15,

443. https://doi.org/10.3390/

su15010443

Academic Editors: Ray Qing Cao,

Vicky (Ching) Gu and Dara G.

Schniederjans

Received: 25 November 2022

Revised: 15 December 2022

Accepted: 23 December 2022

Published: 27 December 2022

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Article

Coordinated Decision-Making in Embedded Supply Chain
from a Sustainable Development Perspective
Fang Dong 1,*, Chengdong Shi 1 and Weitong Yu 2

1 School of Management, Shandong University of Technology, Zibo 255049, China
2 School of Economics and Management, Shandong Huayu University of Technology, Dezhou 253034, China
* Correspondence: 20418011124@stumail.sdut.edu.cn; Tel.: +86-155-5031-0993

Abstract: Government carbon policies and consumers’ preferences are forcing companies to reduce
their carbon emissions. Due to financial and technical constraints, carbon-dependent manufacturers
are seeking embedded services from energy service companies. By considering these government
carbon policies and consumer preferences, this paper constructs a revenue-sharing contract and a two-
part contract model for an embedded low-carbon service supply chain using the Stackelberg game to
investigate the contractual coordination between the manufacturer and energy service company and
their optimal decision making. The equilibrium decisions and the selection of contracts in the supply
chain with different parameter levels were obtained. The model’s validity was verified through
numerical simulation analysis, and the impacts of the main parameters on the equilibrium decisions
and expected utility for the supply chain were analyzed. The results showed that both contracts
would enable manufacturers and low-carbon service providers to achieve profit maximization goals
when the parameters meet certain constraints. Changes in consumers’ low-carbon and low-price
preferences can cause manufacturers to change their business strategies. In addition, the level of
technology of ESCOs affects the selection of the type of contract between manufacturers and energy
service companies. The findings described in this paper can provide management insights for
manufacturers regarding carbon reduction in practice.

Keywords: carbon policy; consumers’ preferences; revenue-sharing covenants; two-part contract

1. Introduction

Climate change caused by carbon emissions is the greatest ever threat to our planet
and livelihoods [1]. To curb this trend, governments and institutions with higher envi-
ronmental awareness have implemented carbon policies, including cap-and-trade and tax
regulations [2,3]. For example, the European Union Emissions Trading System (EUETS) [4],
the Swiss Emissions Trading System [5], the California Emissions Trading Program [6], and
the China Carbon Emissions Trading Scheme [7] are well-established regulations. Under
cap-and-trade regulations, governments issue companies a certain number of emission
allowances and allow them to buy or sell additional allowances on the carbon trading mar-
ket [8]. In addition, governments can impose a tax on the carbon emissions of businesses,
forcing companies to reduce carbon emissions [9].

Meanwhile, as the concept of environmental protection continues to develop, con-
sumers have become increasingly concerned about the environmental attributes of prod-
ucts [10]. Under multiple pressures from government policies, environmental groups,
and consumers, carbon-dependent manufacturers are beginning to look for ways to find a
balance between lower emissions and economic benefits [11]. In this situation, an increasing
number of enterprises are embarking on low-carbon emission reduction [12]. Emission
reduction initiatives can benefit companies and enhance their reputation [13]. For example,
Apple has announced that its global factory facilities are powered by 100% clean energy
and the company committed to eventually using recycled and reclaimed materials for all
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its products [14]. Despite the benefits of carbon reduction, carbon reduction projects often
require significant capital investment [15] and professional technical support [16] and in-
volve high operating expenses [17]. For example, in October 2021, Mitsubishi Corporation
in Japan announced that, by 2030, it would invest USD 17.54 billion in alternative energy
sources, such as renewable energy and hydrogen, to boost its decarbonization efforts and
reduce emissions [18]. For carbon-dependent manufacturers with financial and technical
difficulties, embedded services from energy providers with expertise in emissions reduc-
tion are a wise option. Embedded low-carbon services are a model in which ESCOs are
integrated through investment and business into a manufacturer’s operating environment
as low-carbon service providers [19]. For example, Honeywell has invested in and provided
carbon reduction services for the Qingdao Brewery in Shenzhen, sharing the benefits of
low-carbon activities between the two parties [20]. As the supply chain for embedded
low-carbon services is explored, the advantages of embedded low-carbon services over
ordinary third-party abatement services, in terms of their comprehensiveness and holistic
approach, are becoming apparent. Embedded low-carbon service providers can effectively
address the technical, financial, and operational challenges faced by carbon-dependent
manufacturers, allowing them to focus on production management.

In the embedded low-carbon service model, the benefits received by energy service
companies from providing abatement services to the manufacturer are variable. The manu-
facturer shares the benefits of the abatement project based on the specifics of the signed
contract [21]. However, when we investigated this topic, we found that contracts are often
difficult to conclude, and the crucial factor is usually the misallocation of benefits. There-
fore, developing contracts with appropriate content for the maximization of the benefits of
energy service companies (ESCOs) and manufacturers can promote corporate emissions
reductions and the development of low-carbon service industries.

To explore what kind of contract is suitable for an embedded low-carbon service
supply chain and how the stakeholders influence the operation of the supply chain, we
integrated a model of an embedded low-carbon service supply chain with uncertain market
demand under the dual influence of government carbon policy and consumers’ preferences.
Specifically, this study aimed to address the following research questions: (1) Can a two-
part contract and a revenue-sharing contract reconcile the interests of manufacturers and
ESCOs, and under what conditions can this reconciliation be achieved? (2) How do factors
such as consumers’ low-price preferences and low-carbon preferences and the technology
level of ESCOs affect the decision making for and expected utility of embedded low-carbon
service supply chains?

This paper offers the following three contributions: (1) Under the uncertainty of
market demand, a decision model for the embedded low-carbon service supply chain is
constructed by considering a cap-and-trade mechanism, carbon tax, consumers’ low-carbon
preferences, and consumers’ low-price preferences, which enriches the relevant theory of
supply chains. (2) The roles of two-part and revenue-sharing contracts in coordinating
embedded low-carbon service supply chains are explored, and recommendations are
provided to help manufacturers and ESCOs to choose their contracts. (3) The effects of
consumers’ low-price and low-carbon preferences, the technology level of the ESCO, and
the degree of misreporting of emission reduction costs on the equilibrium decision, as well
as the expected utility of the embedded low-carbon service supply chain, are analyzed to
provide a reference for proposing practical management countermeasures.

The remainder of this paper is organized as follows. Section 2 outlines the theoretical
background by reviewing the relevant literature. Assumptions about this supply chain, the
associated notation, and the corresponding game model are presented in Section 3. Param-
eter analysis and numerical simulations are used in Section 4 to visualize the theoretical
results. Then, the main findings, theoretical contributions, and management insights are
discussed in Section 5. Finally, conclusions are drawn in Section 6, and future research
directions are presented.
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2. Literature Review

This section reviews the literature related to our study in detail across three areas:
carbon policy, service supply chains, and contract coordination. The research background
is outlined, and the innovative character of this study is highlighted.

2.1. Carbon Policy

In recent years, many countries and regions have adopted cap-and-trade mechanisms
and carbon tax regulations [22]. Xu et al. [23] studied the operational impact of government
choices of carbon tax policies and cap-and-trade systems on manufacturers of a wide range
of products. The study found that manufacturers’ profits increased and then decreased
with the cap, and the cap-and-trade system is more beneficial to society as it has lower
environmental damage factors. Sun and Yang [24] considered consumer environmental
awareness under a carbon tax and cap-and-trade regulations to examine the emission re-
ductions of two competing manufacturers. Qi et al. [25] constructed a joint decision model
based on the conditional value-at-risk criterion and discussed the effects of the firm’s risk
aversion and investment coefficient on the optimal decision. Yang et al. [26] constructed
two decentralized models of single/joint abatement schemes under a cap-and-trade system
and concluded that online channels in joint abatement can improve firm performance.
With regard to corporate emission reduction technology and investment, Li et al. [27]
discussed the different impacts of using two policies, green technology investment cost
subsidies and emission reduction subsidies, to promote green technology investments
and emission reductions as part of a cap-and-trade mechanism. Chen et al. [28] explored
the impact of low-carbon technology transfer between two rival manufacturers on their
economic, environmental, and social welfare performance under a cap-and-trade policy.
Toptal et al. [29] examined retailers’ joint decisions on inventory replenishment and carbon
reduction investments under three carbon regulation policies and provided a comparative
analysis of various investment opportunities. Daddi et al. [30] surveyed over 400 compa-
nies registered with EMSA in the EU to examine the relationship between green supply
chain management capabilities and key organizational performance. Some scholars have
analyzed the impact of carbon policy on supply chain members by using a Stackelberg
model. The Stackelberg game involves a leader and a follower who both make decisions
to maximize their respective profits [31]. Du et al. [32] studied the decisions and behavior
of each member of a supply chain in an aggregate control and trade mechanism based on
Stackelberg game theory. Qu et al. [33] constructed two Stackelberg game models to study
the impact of aggregate and trade mechanisms on product warranty policies and carbon
reduction strategies.

Most of these studies focus on supply chain decision making, investment, and technol-
ogy issues when considering carbon policy, and such studies provide important references
for this paper. Note that some scholars in the above studies considered consumers’ en-
vironmental awareness but did not discuss consumers’ preference for low prices when
purchasing products. Therefore, with regard to government behavior, this paper integrates
cap-and-trade and carbon tax policies. In terms of consumer behavior, this paper not only
takes into account that consumers will buy products with a higher degree of greenness but
also consumers’ concern about the price of similar products in the market when purchasing
products, which makes this study closer to the real situation.

2.2. Service Supply Chains

With the growing importance of the service concept in the global economy, the service
supply chain (SCC) is playing an increasingly important role in modern operations manage-
ment [34]. Peng et al. [35] divided the research on SSCs into two main topics: (1) SSCs as a
related service activity in the traditional supply chain; (2) SSCs as an innovation that applies
traditional supply chain theory to the service domain. Wang et al. [36] then categorized
SSCs into service-only supply chains (SOSCs) and product service supply chains (PSSCs).
In SOSCs, providers do not offer physical goods: “products” are services and solutions.
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For example, Ren et al. [37] investigated the IT service supply chain in SOSCs, where the
“product” is the development and use of the software. Fernando et al. [38] studied SOSCs
that provide big data analytics and enterprise-managed data security services and found
that these services can improve the innovation and performance levels of service supply
chains. Lillrank et al. [39] explored different units of analysis applicable to the supply chain
analysis of healthcare services based on two patient cases. Farsi et al. [40] discussed SOSCs
that provide customized services, such as customer maintenance and facility management.
In contrast, the “products” provided by the service supply chain in PSSCs include both
physical goods and services. For example, Maull et al. [41] specifically focused on the
inter-relationship between products and services in the PSSC and call for the development
of corresponding PSSC models to support the requirements of supply chain integration.
Mustafee et al. [42] investigated the use of distributed simulation techniques to improve
the performance of blood SSCs, solving the problem related to slow-running discrete event
model simulations of the UK National Blood Service supply chain. Jia et al. [43] and Choi
et al. [44] studied various issues in supply chains of logistics services, where logistics
service providers need to provide manufacturers with transportation capacity calculations,
product packaging, and shipping services.

The abovementioned studies on service supply chains are extensive, covering many
industries, such as IT, healthcare, and manufacturing. Nonetheless, very little research
considers service providers’ technology level and asset investment factors. Considering
these gaps in the existing literature, this paper focuses on an embedded low-carbon service
supply chain. It explores the role of ESCOs in manufacturers’ emission reduction projects
after being embedded in the supply chain through a combination of financial inputs and
emission reduction services.

2.3. Contract Coordination

For supply chains, both active and passive emission reductions require cooperation
among firms to jointly achieve reduction targets, promoting the study of contract design
among firms [45]. Shang et al. [46] argued that, for embedded low-carbon service projects,
the issue of benefit sharing in relation to energy efficiency is critical for determining the con-
tract reached between two partners. Li et al. [47] studied the effects of two carbon allowance
allocation rules, the grandfathering mechanism and the benchmarking mechanism, on
three different incentive contracts—the wholesale price contract, the cost-sharing contract,
and the revenue-sharing contract—offered to manufacturers by retailers. Qian and Guo [48]
examined the design of shared contracts between ESCOs and manufacturers, analyzing
the process of negotiation between parties regarding the allocation of energy-savings bene-
fits. Wang and He [49] examined the contractual design problem for a low-carbon service
supply chain comprised of a supplier, a manufacturer, and a low-carbon service provider.
Furthermore, they analyzed the influence of the risk aversion levels of the manufacturer
and supplier on the contract. Some studies refer to revenue-sharing contracts as agency
contracts. For example, Yu et al. [50] and Chen et al. [51] studied the effects of brand
competition and consumer fairness on the operation of e-commerce platforms, respectively.
Huo et al. [52] focused on the cost-sharing contract between manufacturers and retailers
and considered the impact of consumers’ low-carbon preferences on market demand and
the effect of uncertainty on emission reduction behavior. Yi and Li [53] developed a Stack-
elberg game model involving government-subsidized energy-efficient products and carbon
tax policies and used cost-sharing contracts to coordinate supply chains with demand for
emission reductions. Zhang et al. [54] explored the effects of cost–benefit-sharing contracts
on supply chain coordination and abatement strategies and found that the incentive ef-
fects of environmental regulation were more effective when supply chain coordination
contracts were in place. Most of the current literature on supply chain contract coordination
focuses on three types of contracts: revenue-sharing contracts, cost-sharing contracts, and
cost–benefit-sharing contracts. This paper expands the diversity of contract coordination
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research by constructing a two-part contract to coordinate a supply chain while studying a
revenue-sharing contract.

The contributions of this paper are as follows. (1) While some studies on carbon policy
address consumers’ low-carbon preferences, fewer studies have considered consumers’
low-price preferences. This paper considers the impact of consumers’ low-carbon and low-
price preferences on the supply chain, which is more in line with the realistic psychology
of consumers when purchasing products. (2) Most studies on service supply chains focus
on the process of bargaining between ESCOs and manufacturers, with less consideration
of the behavior and characteristics of ESCOs themselves. This paper explores the impacts
of low-carbon service providers’ financial investment and the level of emission reduction
technology on manufacturers’ emission reduction effects. It provides a reference for supply
chains to carry out emission reduction projects. (3) Considering that two-part contracts
are less widely studied, this paper discusses a revenue-sharing contract and a two-part
contract and verifies the roles of these two contracts. A comparison of the relevant reviewed
literature is shown in Table 1.

Table 1. Comparison of this study and related research.

Related
Studies

Market Demand Coordinated
Contract Carbon Policy Consumers’ Preferences

Low-Carbon
Services

Certain Uncertain Revenue
Sharing Two-Part Cap-and-Trade Carbon

Taxes
Low-Carbon
Preferences

Low-Price
Preferences

Qu et al. [33]
√ √ √ √

Liao et al. [19]
√ √ √ √

Qian and Guo [48]
√ √ √ √

Sun and Yang [24]
√ √ √ √

Shang et al. [46]
√ √ √

Wang and He [49]
√ √ √

Zhang et al. [54]
√ √ √

Ouyang and Fu [20]
√ √ √ √

This study
√ √ √ √ √ √ √ √

3. Methodology
3.1. Model Description

This study constructs an embedded low-carbon service supply chain consisting of a
carbon-dependent manufacturer (m) and an ESCO (t) providing low-carbon services (as
shown in Figure 1). The primary purpose is to explore the role of embedded low-carbon
services in reducing manufacturers’ carbon emissions and sustaining economic growth,
providing reference suggestions for contractual choices between the two. The manufacturer
and ESCO need to consider various aspects, such as market demand uncertainty, carbon
policies, consumers’ low-carbon preferences, and low-price preferences, in the process
of emission reduction projects, which complements research in related fields. The man-
ufacturer is responsible for the production of the product and pays the energy service
company for the project, depending on the type of contract. The ESCO is not only respon-
sible for emission reduction investments but also provides carbon reduction services to
manufacturers, which is consistent with Carvallo et al. [55].
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This paper uses the Stackelberg game approach to model a game with leaders and
followers with which it is possible to determine the status differences and information
asymmetries that exist between the participants [56]. This model is closer to reality and
has a wide range of applications with regard to pricing and decision making in supply
chains. In the Stackelberg game, the leader has a significant advantage in predicting the
responses of followers and making decisions to maximize profits [57]. In the embedded
low-carbon services supply chain, the game’s leader is the manufacturer and the ESCO is
the follower. Specifically, the manufacturer first proposes the specifics of the contract to
the ESCO, and both parties sign the contract. After that, the manufacturer determines the
output of the product and the ESCO decides the level of carbon emission reduction, all
based on the principle of revenue maximization.

3.2. Model Assumptions and Parameter Interpretation

To construct the profit functions of the manufacturer and ESCO and to develop a
quantitative analysis model, we assume that the embedded low-carbon service supply
chain model satisfies the following conditions and that they explain the variables and
parameters of the model.

Assumption 1. When the risk-averse attributes of a manufacturer in an embedded low-carbon service
supply chain are not explicit, its characteristics need to be portrayed with the help of the mean-variance
(MV) function [58]. The expected utility function is written as E(Ui(πi)) = E(πi) − ki

√
Var(πi).

Assumption 2. Assume that the market demand X is random and satisfies a normal distribu-
tion [59]. Consumers tend to buy more environmentally friendly and less expensive products [60],
X = q + ε, and q = a + δe, ε ∈ N

(
0, σ2).

Assumption 3. ESCOs can reduce carbon emissions per unit of a product bye, where e is a function
of the initial investment I in the low-carbon service project, e =

√
I/θ, θ is the emission reduction

investment scale, and e is continuously differentiable [61].

Assumption 4. The government allows a limited carbon allowance G for the manufacturer [62].
The manufacturers can trade their carbon allowances at a unit price of cg, and the benefit or cost of
the trade is cg((e0 − e)q− G).

Assumption 5. The manufacturer must pay a tax of ct per unit of carbon emissions to the
government for its production activities [63], and the total amount of tax paid is ct(e0 − e)q.

Assumption 6. Due to information asymmetry, an ESCO will misreport the unit emission
reduction cost (m) in proportion to τ [64]. The total abatement cost of an ESCO known to the
manufacturer is τmeq + I.

The meanings of other relevant variables and parameters are shown in Table 2.

Table 2. Explanation of relevant variables and parameters.

Parameters Definition

a Basic market size
q Output of low-carbon products
p Unit price of low-carbon products
e0 Carbon emissions per unit of product before reduction
cm Production cost per unit of low-carbon product
e Carbon emission reduction per unit of product
G Manufacturer’s carbon allowance
δ Consumers’ low-carbon preferences
β Consumers’ low-price preferences
r Reference price of low-carbon products
φ Revenue-sharing rate for the manufacturer and ESCO, φ ∈ [0, 1]

Wa Service fee per unit of carbon emission reduction
fT Fixed service fee
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3.3. Model Construction
3.3.1. Centralized Decision-Making Model (C)

In the centralized decision-making model, the ESCO and the manufacturer jointly
decide on the optimal output of low-carbon products and the optimal emission reduction
for certain products, maximizing the total desired utility of the embedded supply chain [65].

In this case, the total expected utility function of the two is as follows.

E(UC(πC)) = pq− cg((e0 − e)q− G)− ct(e0 − e)q− cmq− τmeq− I
= (a + δe− βp + βr)(ct(e− e0)− cm − emτ + p)
+cg((e− e0)(a + δe− βp + βr) + G)− θe2 − pσkm

(1)

Taking a partial derivative approach to Equation (1) yields the result of the decision,
as shown in Proposition 1. The proof of Proposition 1 and the following propositions is
detailed in Appendix A.

Proposition 1. In the centralized decision model, an optimal output and optimal carbon reduction
for products exist, determining the optimal total expected utility, as shown below:

eC∗ =
A
(
cg + ct −mτ

)
+ Bδ

2
(
θ + δmτ − δ

(
cg + ct

)) (2)

qC∗ =
A
(
−
(
cg + ct

)
+ 2θ + δmτ

)
+ Bδ2

2
(
−δcg − δct + θ + δmτ

) (3)

E(UC(πC))
∗
= B

(
A +

δF
2

)
+

1
2

AF
(
cg + ct −mτ

)
+

1
4

F2(δ(cg + ct
)
− θ − δmτ

)
+ G

(
cg + ct

)
− pσkm (4)

where A = a− β(p− r), B = p− cm − e0(cg + ct), F =
A(cg+ct−mτ)+Bδ

θ+δmτ−δ(cg+ct)
.

3.3.2. Two-Part Contract Model (T)

In the decentralized decision model, according to Stackelberg game theory, the manu-
facturer decides the type of contract and the output of the low-carbon products. Then, the
ESCO determines the amount of emission reduction for the products.

In detail, for the two-part contract, the manufacturer first pays the ESCO a fixed fee of
fT . Then, the manufacturer pays the ESCO the rest of the fee based on the amount of carbon
reduction, and the total amount the manufacturer needs to pay the ESCO is Waeq + fT . At
this point, the profits for the manufacturer and the ESCOs are expressed as follows:

E(UT
m(π

T
m)) = pq− km pσ− eWaq− cg((e0 − e)q− G)− (e0 − e)qct − qcm − fT (5)

E(UT
t (π

T
t )) = e(Wa −mτ)q− e2θ + fT (6)

The equations are solved using inverse operations. Proposition 2 is the result of the
equilibrium decision.

Proposition 2. When δ = 1, the two-part contract can realize the Pareto optimum. The equilibrium
decision and the optimal expected utility of each party in the embedded low-carbon service supply
chain are as follows:

eT∗ =
(Wa −mτ)A

2(δ(mτ −Wa) + θ)
(7)

qT∗ =
1
2

(
A− δB

cg + ct −Wa

)
(8)

Wa =
θ
(
cg + ct

)
A + δ2mτB + δθB

θA + δ2B
(9)
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E(UT
m(π

T
m))
∗ = 1

4

(
AB(3Aθ+Aδmτ+2Bδ2)

Aθ+Bδ2 − (A2−2)B(Aθ+Bδ2)
θ+δmτ−δ(cg+ct)

− (A2Bδ)(cg+ct)
Aθ+Bδ2

)
+ Gcg − fT − pσkm (10)

E(UT
t (π

T
t ))
∗
= AFθ

(
A
(
cg + ct

)
− Amτ + Bδ

)
/4
(

Aθ + Bδ2
)
+ fT (11)

E(UT(πT))
∗
=

1
4

(
A2(δmτ − δ

(
cg − ct

)
− θ
)
+ 2ABδ2

δ2 −
((

A2 − 2
)

Bδ2 − Aθ
)(

Aθ + Bδ2)
δ2
(
θ + δmτ − δ

(
cg + ct

)) )
+ Gcg − pσkm (12)

3.3.3. Revenue-Sharing Contract Model (RS)

When the manufacturer and ESCO enter revenue-sharing contracts, both parties share
the benefits of the embedded low-carbon service supply chain.

In detail, the manufacturer proposes a revenue-sharing ratio φ. After agreeing on
it with the ESCO, the manufacturer determines the output. Next, the ESCO determines
the amount of emission reduction per unit of product. In this case, the expected utility
functions of the manufacturer and the ESCOs are as follows.

E(URS
m (πRS

m )) = φpq− cg((e0 − e)q− G)− kmφpσ− ct(e0 − e)q− cmq (13)

E(URS
t (πRS

t )) = ((1− φ)p− τme)(a + δe− β(p− r))− θe2 (14)

From this, we can obtain Proposition 3.

Proposition 3. When δ = 1, there is a value forφ that makes the revenue-sharing contract Pareto-
optimal. The equilibrium decision and maximum expected utility of the embedded supply chain
under the revenue-sharing contract are shown below:

eRS∗ =
δp(1− φ)− Amτ

2(θ + δmτ)
(15)

qRS∗ = A− δ(Amτ + pδ(φ− 1))
2(θ + mδτ)

(16)

φ = 1−
B(δθ + mτ) + Aθ

(
cg + ct

)
p
(
θ + mτ − cg − ct

) (17)

E(URS
m (πRS

m ))
∗
=

(
δ(B− Amτ)(θ + δmτ) + A

(
cg + ct

)(
θ + δ2mτ

))
(
cg + ct

)( δ(B−Amτ)(θ+δmτ)+Acg(θ+δ2mτ)+Act(θ+δ2mτ)
2δ(θ+mτ)(−δcg−δct+θ+δmτ)

− z
)

+
p((cg+ct)(Aθ+δ2 p)+δ(B−p)(θ+δmτ))

δp(δ(cg+ct)−θ−δmτ)
− cm


2δ(θ + mτ)

(
δ
(
cg + ct

)
− θ − δmτ

) + Gcg (18)

E(URS
t (πRS

t ))
∗
=

δ(θ + δmτ)
(

A2m2τ2 + 2AB(2θ + δmτ) + B2δ2)
+A

(
cg + ct

)(
Aδ
(
cg + ct

)
(δmτ − 3θ)− 2(θ + δmτ)

(
−2Aθ + Aδmτ + Bδ2))

4δ
(
−δcg − δct + θ + δmτ

)2 (19)

E(URS(πRS))
∗
=

2cg

(
δ

(
ct
(

A2 + 2Aδz− 2δG
)
− A2mτ + Aδcm − Bδ2z

+Aδ(p−mτz− 2)− 2Aθz + 2G(θ + δmτ)

))
+ δc2

g
(

A2 + 2Aδz− 4δG
)

+δ

(
ct
(

Act(A + 2δz)− 2
(
2Aδ + Amτ(A + δz)− Aδp + 2Aθz + Bδ2z

))
+ 2Bδ2 p

−2cm
(
2Aθ − Aδct + Aδmτ + Bδ2)+ 4Aθ + Amτ(Amτ − 2δ(p− 2))− B2δ2

)
4δ
(
θ + δmτ − δ

(
cg + ct

)) (20)
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4. Results
4.1. Analysis of Model Properties
4.1.1. Impact of Emission-Reduction Cost-Misreporting Proportion on Embedded
Supply Chain

To explore the impact of the ESCO misreporting abatement costs on the embedded
supply chain, we used a partial derivative approach and obtained Proposition 4.

Proposition 4. In the centralized decision model, the revenue-sharing contract model, and the
two-part contract model, the manufacturer’s expected utility is negatively related to the proportion
of misreported emission reduction costs. The expected utility of the ESCO is positively associated
with the proportion of misreporting when the proportion of misreporting is significant. In contrast,
the opposite conclusion can be drawn when the proportion of misreporting is small.

Proposition 4 shows that a larger τ indicates a higher proportion of ESCO misreporting
unit emission-reduction costs. For the manufacturer to accept the misreported costs, the
ESCO must appropriately reduce the predetermined emission reduction targets to mitigate
the trend of increasing total costs. However, this can cause a decrease in consumer desire
to purchase low-carbon products, thus damaging economic benefits for manufacturers. If
the ESCO’s misrepresentation of costs exceeds a certain threshold, the manufacturer will be
unwilling to pay higher fees to the ESCO, leading to a reduction in the ESCO’s profits.

4.1.2. Impact of Consumers’ Low-Price Preferences on the Embedded Supply Chain

To explore the impact of the strength of consumers’ low-price preferences on the
embedded supply chain, we again used the method of finding the partial derivatives and
obtained Proposition 5.

Proposition 5. The manufacturer’s expected utility is positively related to the strength of con-
sumers’ low-price preferences in the centralized decision model, the revenue-sharing contract model,
and the two-part contract model. When consumers’ low-price preferences are strong, the expected
utility of the ESCO is positively associated with it. The opposite conclusion can be drawn when the
consumers’ low-price preferences are weak.

Proposition 5 shows that the greater the strength of consumers’ low-price preferences,
the more they care about the prices of the same type of products on the market [66]. Con-
sumers’ focus on product prices can cause them to ignore the low-carbon attributes of
a product to some extent. The manufacture and ESCO, in this case, will comply with
consumers’ preferences by appropriately withdrawing the low-carbon qualities and reduc-
ing the prices of their products to stimulate consumers’ desire to buy them. While this
initiative will protect the manufacturer from economic harm to a certain extent, it will also
prevent the manufacturer from meeting the established emission reduction targets and is
not conducive to developing low-carbon emission reductions.

4.2. Numerical Simulation Analysis

In Section 5, we discuss the numerical simulations we performed using Wolfram
Mathematica 12 to visually analyze the impact of changes in δ and θ on contract selection
and the utility of the embedded supply chain. Referring to existing studies [67–69], the
relevant parameters in this study were set as a = 15, G = 45, e0 = 4, θ = 2.2, cg = 0.8,
ct = 0.4, cm = 25, p = 40, r = 30, τ = 30, km = 0, δ = 1, β = 1.4, m = 3, φ = 0.6, Wa = 5,
fT = 5. All parameters satisfied the assumptions in the text and the calculated constraints.

4.2.1. Sensitivity Analysis of Consumers’ Low-Carbon Preferences

The strength of consumers’ low-carbon preferences reflects the desire of consumers in
the market to buy low-carbon products, and the greater this desire, the more consumers are
willing to pay for products with low emission levels. The impact of changes in the strength
of consumers’ low-carbon preferences on the equilibrium decision and maximum expected
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utility of the embedded supply chain when other parameters are held constant is shown in
Figure 2.
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As shown in Figure 2, the carbon emission reduction per unit of the product shows a
positive correlation with the strength of consumers’ low-carbon preferences, which indicates
that, when consumers are concerned about the low-carbon attributes of a product, ESCOs
try their best to reduce the carbon emission level of the product to cater to consumers’
preferences. After this catering to consumer preferences, the market demand for the
product will further increase, and the manufacturer will appropriately increase the output
of the product, so the output is also positively correlated with the strength of consumers’
low-carbon preferences.

When the strength of consumers’ low-carbon preferences is low, it is more beneficial
for the manufacturer to choose to enter the revenue-sharing contract. Note that an increase
in the strength of consumers’ low-carbon preferences will increase the market demand for
the product, which means that the manufacturer will need to share more revenue with
ESCOs if the revenue-sharing contract is signed. In this case, signing the two-part contract
would allow the manufacturer to gain more revenue. Regardless of how consumers’ low-
carbon preferences vary over the effective interval, the sum of the expected utility for the
manufacturer and the ESCO when they enter a revenue-sharing contract is always greater
than when they enter a two-part contract.
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4.2.2. Sensitivity Analysis on Emission Reduction Investment Scale

The emission reduction investment scale indicates the amount of capital that an ESCO
needs to invest to achieve the expected emission reduction target, and it represents the
technical level of the ESCO to a certain extent: the smaller the parameter, the higher the
emission reduction technology level of the ESCO. The impacts of changes in the emission
reduction investment scale on the equilibrium decision and maximum expected utility
of the embedded supply chain when other parameters are held constant are shown in
Figure 3.
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As shown in Figure 3, the equilibrium decisions of the manufacturer and the ESCO
are negatively correlated with the scale of the ESCO’s emission reduction investments. This
relationship suggests that, if the ESCO has a low level of abatement technology, it will need
to invest a higher amount if it wants to accomplish the established abatement goals. ESCOs
will reduce their emission reduction targets to alleviate the pressure of investment costs.
This will further cause a reduction in the market size for low-carbon products and, thus, a
reduction in the expected utility of the manufacturer and ESCO.

For the manufacturer, if the ESCO’s emission reduction technology is strong, entering
into a two-part contract will incentivize the ESCO to increase its emission reduction efforts,
resulting in higher revenues for the manufacturer. The manufacturer will also be willing to
pay the ESCO more to incentivize it to continue reducing emissions. If the ESCO has an
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average or even lower level of emission reduction technology, the revenue-sharing contract
would be a better option for the manufacturer.

In summary, the revenue-sharing contract has a broader application scenario for
embedded supply chains than the two-part contract.

5. Discussion

The carbon dioxide produced by enterprises in their production processes contributes
to global warming [70]. Carbon policies implemented by governments and consumers’
emphasis on the environmental attributes of products are driving enterprises to reduce
carbon emissions [71]. However, most manufacturers cannot independently achieve carbon
reduction goals due to limited financial and technical strength. ESCOs and manufacturers
working together to form an embedded low-carbon service supply chain can effectively
address these issues. However, the distribution of benefits between manufacturers and
ESCOs remains challenging in the face of factors such as uncertainty in market demand.
In this paper, we develop a Stackelberg game model for an embedded low-carbon service
supply chain with uncertain market demand, considering carbon policies and consumers’
preferences. This study investigates the issue of contract selection under different circum-
stances and analyzes the role played by ESCOs in reducing manufacturers’ carbon emission
levels and maintaining economic efficiency.

5.1. Main Results and Findings

Based on the study of contractual coordination for embedded low-carbon service
supply chains, our main findings are as follows:

(1) The two-part and revenue-sharing contracts constructed in this paper enable an em-
bedded low-carbon service supply chain to achieve Pareto optimality. This suggests
that the problem of benefit distribution between manufacturers and ESCOs in embed-
ded low-carbon service supply chains can be solved by choosing appropriate contracts,
as demonstrated in the study by Liao et al. [19]. Similar to Qian and Guo [48], man-
ufacturers can choose different contracts based on consumer preferences and the
characteristics of ESCOs. In the context studied in this paper, the revenue-sharing
contract has a broader scope of application;

(2) The misreporting of reduction costs by ESCOs will not only make emission reduction
targets unattainable but also reduce the economic benefits for the manufacturer, as
also found by Yan et al. [64]. According to Zhou et al. [72], manufacturers should
fully evaluate and investigate ESCOs’ emission reduction cost information to avoid
misreporting as much as possible. In addition, the level of technology of ESCOs largely
determines the carbon reduction for a product [73]. Manufacturers can choose the right
contract according to the level of technology of ESCOs. When the ESCOs’ technology
is strong, entering a two-part contract can bring more benefits to manufacturers. In
the opposite situation, it is better to choose a revenue-sharing contract;

(3) Most consumers tend to buy goods at good prices, and these consumer preferences are
an important factor in determining the direction of business operations [74]. A lower
carbon emission level for a product means that it has a higher price [75]. According to
Ouyang and Fu [20], if consumers are more concerned about the price of the product,
the manufacturer can sacrifice the low-carbon attributes of the product to some extent,
making the product cheaper and catering to consumers’ low-price preferences. This is
clearly not conducive to the development of low-carbon products. On the other hand,
if consumers value the low carbon level of the product more, the manufacturer should
choose a two-part contract, which will not only promote a reduction in the emission
level of the product but also enable the manufacturer to gain more economic benefits.

5.2. Theoretical Contributions and Managerial Implications

The theoretical contributions of this paper are as follows: (1) Focusing on the process
of ESCOs providing embedded low-carbon services to manufacturers, we revealed the
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mechanism by which government policies and consumer preferences influence the inter-
actions and decisions among members of embedded supply chains. This paper makes a
theoretical contribution to the development of embedded low-carbon services and enriches
the information on low-carbon supply chains. (2) Based on Stackelberg game theory, a
two-part contract model and a revenue-sharing contract model were constructed. These
models deconstruct how the ESCO’s skill level and cost misrepresentation, along with
other factors, sway the manufacturer’s choice of contract. Therefore, this paper fills a gap
in related research, expands the diversity of research on supply chain contract coordina-
tion, and provides a solution to the problem of benefit distribution among members in
embedded supply chains.

The managerial implications are as follows: (1) While implementing the cap-and-trade
mechanism and carbon tax policies, governments should cooperate with environmental
protection organizations and industry associations, strengthen the regulation of environ-
mental management system certification [76], raise the entry threshold for green product
production, and continuously cultivate consumers’ awareness of environmental protection.
(2) The embedded low-carbon services provided by ESCOs can lower the threshold for
manufacturers to reduce emissions. In this cooperation process, ESCO can assist manu-
facturers in analyzing, tracking, and monitoring their carbon footprint and optimizing
their production and operation processes using methods such as LCA [77]. Meanwhile,
ESCOs should improve their emission reduction technologies and, thus, enhance their
competitive advantages. (3) Manufacturers should eliminate information asymmetry with
ESCOs by enhancing data sharing and information communication to avoid unnecessary
benefit loss. In addition, manufacturers should positively respond to government reg-
ulations, reduce the carbon footprint of their manufacturing operations, and strive to
achieve certification for environmental management systems, such as ISO14001, to increase
consumer acceptance [78].

6. Conclusions

Investigation of contractual coordination between ESCOs and manufacturers in the
embedded low-carbon service supply chain is important to address the challenges of
benefit distribution between the two parties and to facilitate their cooperation, thereby
promoting the development of energy conservation and emission reduction. In this paper,
the contractual choices and production decisions for an embedded low-carbon service
supply chain under the influences of governments and consumers were considered in the
case of uncertain market demand. A centralized decision model, a two-part contract model,
and a revenue-sharing contract model were constructed based on Stackelberg game theory,
and their validity was verified. Secondly, the basic parameters were set in conjunction with
related studies and constraints. The impacts of different parameter changes on stakeholders’
behavior, such as contract choice, were simulated and analyzed. Finally, corresponding
management insights and suggestions were proposed based on the research results.

This paper found that: (1) Consumers’ low-carbon preferences are critical in deter-
mining whether two-part and revenue-sharing contracts can coordinate embedded supply
chains. Both contracts can achieve Pareto optimality when consumers’ low-carbon prefer-
ences satisfy certain conditional constraints. (2) While misreporting by ESCOs can benefit
the ESCOs themselves, it can cause adversity throughout the supply chain. (3) Both the
technology level of ESCOs and consumer preferences are determinants of contract selection,
and consumers’ preferences for low prices can determine the direction in which embedded
supply chains operate.

The limitations of this study should also be mentioned. Firstly, only the dominant
role of manufacturers in contract selection was considered, and the negotiating power of
ESCOs was not considered. Secondly, this study did not consider the potential for ESCOs
to borrow from financial institutions when investing in abatement. Finally, the situation
where manufacturers face multiple competing ESCOs was not considered in this paper. All
of these issues can be considered in future research.
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Appendix A

Proof of Proposition 1. The second-order partial derivative of Equation (1) with respect to
e is solved as follows:

∂2E(UC(πC))

∂e2 = 2
(
δcg + δct − θ − δmτ

)
(A1)

Similarly, the second-order partial derivative of Equation (1) with respect to q is solved
as follows:

∂2E(UC(πC))

∂q2 =
2
(
cg + ct −mτ

)
δ

(A2)

It is known that δ > 0. Therefore, when θ + δ
(
mτ − cg − ct

)
> 0, mτ− cg− ct > 0, and

the expected utility of the embedded low-carbon service supply chain is a concave function.
By calculating the partial derivatives of Equation (1) with respect to e and q, re-

spectively, the optimal decisions of the manufacturer and ESCO can be obtained as
Equations (2) and (3). Then, by substituting Equations (2) and (3) into Equation (1), the
maximum expected utility of the embedded supply chain in the centralized decision model
is obtained as Equation (4). �

Proof of Proposition 2. Obtaining the second-order partial derivative of Equation (5) with
respect to q yields:

∂2E(UT
m(π

T
m))

∂q2 = −
2
(
Wa − cg − ct

)
δ

(A3)

Obtaining the second-order partial derivative of Equation (6) with respect to e yields:

∂2E(UT
t (π

T
t ))

∂e2 = −2(θ + δmτ − δWa) (A4)

When Wa − cg − ct > 0, the manufacturer’s expected utility function is a concave
function, and the manufacturer’s expected utility has the maximum value. When
θ + δ(mτ −Wa) > 0, the expected utility function of the ESCO is concave, and the
expected utility of the ESCO has the maximum value.

Based on Stackelberg game theory, backward induction can be used to obtain the
optimal decisions of the manufacturer and the ESCO, resulting in Equations (7) and (8).
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To verify whether the two-part contract can realize Pareto optimality, let eT∗ = eC∗

and qT∗ = qC∗, resulting in δ = 1. Then, the service fee Wa paid by the manufacturer to the
ESCO per unit of emission reduction can be obtained, as shown in Equation (9).

Hence, it can be deduced that the optimal expected utility of the manufacturer, the
ESCO, and the embedded supply chain under the two-part contract can be obtained with
Equations (10)–(12), respectively. �

Proof of Proposition 3. Obtaining the second-order partial derivative of Equation (13) with
respect to q yields:

∂2E(URS
m (πRS

m ))

∂q2 = −2δ
(
cg + ct

)
(A5)

Obtaining the second-order partial derivative of Equation (14) with respect to e yields:

∂2E(URS
t (πRS

t ))

∂e2 = −2(θ + δmτ) (A6)

Clearly, 2δ
(
cg + cg

)
> 0 and 2(θ + δmτ) > 0; thus, the expected utility functions

of both the manufacturer and the ESCO under the revenue-sharing contract are concave
functions. Using backward induction, the optimal decisions for the manufacturer and the
ESCO can be obtained as Equations (15) and (16).

To verify whether revenue-sharing contracts can coordinate the embedded low-carbon
service supply chain, first let eRS∗ = eC∗, which yields:

φ1 = 1−
B
(
δθ + mδ2τ

)
+ Aθ

(
cg + ct

)
pδ
(
θ + mδτ − δcg − δct

) (A7)

Similarly, letting qRS∗ = qC∗, we obtain:

φ2 =

(
cg + ct

)(
A(2δ− 1)θ + A(δ− 1)δmτ + δ3 p

)
+ δ2(B− p)(θ + δmτ)

δ2 p
(
δ
(
cg + ct

)
− θ − δmτ

) (A8)

When δ = 1, φ1 = φ2. Furthermore, the final revenue-sharing ratio can be obtained
using Equation (17).

Hence, the optimal expected utility of the manufacturer, ESCO, and embedded supply
chain under the revenue-sharing contract can be derived, as shown in Equations (18)–(20). �

Proof of Proposition 4. It is clear from Propositions 2 and 3 that the two-part contract and
the revenue-sharing contract enable the embedded low-carbon service supply chain to
achieve Pareto optimality. This means that the equilibrium decisions and expected utilities
with these two contracts can reach the levels of those with the centralized control decision.
Hence, the two-part contract can be chosen as a representative to discuss the parameters.

The partial derivatives of the equilibrium decisions and expected utility with respect
to τ for the centralized decision model are shown below:

∂eC∗

∂τ
= −

m
(

Aθ + Bδ2)
2
(
−δ
(
cg + ct

)
+ θ + δmτ

)2 (A9)

∂qC∗

∂τ
= −

Aδm
(

Aθ + Bδ2)
2
(
−δ
(
cg + ct

)
+ θ + δmτ

)2 (A10)

∂E(UC(πC))
∗

∂τ
= −

m
(

A
(
cg + ct

)
− Amτ + Bδ

)(
−Aδ

(
cg + ct

)
+ 2Aθ + Aδmτ + Bδ2)

4
(
−δ
(
cg + ct

)
+ θ + δmτ

)2 (A11)
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Similarly, the partial derivatives of the equilibrium decision and expected utility with
respect to τ for the two-part contract model are as follows:

∂eT∗

∂τ
= −

m
(

Bδ2 + Aθ
)

2
(
θ + mδτ − δ

(
cg + ct

))2 (A12)

∂qT∗

∂τ
= −

δm
(

Aθ + Bδ2)
2
(
δ
(
−cg − ct + mτ

)
+ θ
)2 (A13)

∂E(UT
m(π

T
m))
∗

∂τ
=

Bδm
(

(A2−2)(Aθ+Bδ2)
2

(−δ(cg+ct)+θ+δmτ)
2 + A2

)
4(Aθ + Bδ2)

(A14)

∂E(UT
t (π

T
t ))
∗

∂τ
= −

Aθm
(

A
(
cg + ct

)
− Amτ + Bδ

)(
−Aδ

(
cg + ct

)
+ 2Aθ + Aδmτ + Bδ2)

4(Aθ + Bδ2)
(
−δ
(
cg + ct

)
+ θ + δmτ

)2 (A15)

∂E(UT(πT))
∗

∂τ
= −

Bδ2m
(

Acg + Act − Amτ + Bδ
)(
−Aδcg − Aδct + 2Aθ + Aδmτ + Bδ2)

2(Aθ + Bδ2)
(
−δcg − δct + θ + δmτ

)2 (A16)

From Proposition 1, it is known that A > 0 and B > 0. Therefore, Proposition 4
is proven. �

Proof of Proposition 5. The partial derivatives of the equilibrium decisions and expected
utility with respect to β for the centralized decision model are shown below:

∂eC∗

∂β
=

(p− r)
(
−cg − ct + mτ

)
2
(
−δ
(
cg + ct

)
+ θ + δmτ

) (A17)

∂qC∗

∂β
= −1

2

(
θ(p− r)

−δ
(
cg + ct

)
+ θ + δmτ

+ (p− r)

)
(A18)

∂E(UC(πC))

∂β
= −

(p− r)
(

A
(
cg + ct −mτ

)2
+ B

(
−δ
(
cg + ct

)
+ 2θ + δmτ

))
2
(
−δ
(
cg + ct

)
+ θ + δmτ

) (A19)

The partial derivatives of the equilibrium decision and expected utility with respect to
τ for the two-part contract model are as follows:

∂eT∗

∂β
=

(p− r)
(
−cg − ct + mτ

)
2
(
−δ
(
cg + ct

)
+ θ + δmτ

) (A20)

∂qT∗

∂β
=

1
2

(
θ(r− p)

−δ
(
cg + ct

)
+ θ + δmτ

+ (r− p)

)
(A21)

∂E(UT
m(π

T
m))
∗

∂β
=

A(p− r)
(
cg + ct

)(
−δ
(
cg + ct

)
+ 2θ + δmτ

)(
−δ
(
cg + ct

)
+ 2θ + δmτ

)
2δ
(
−δcg − δct + θ + δmτ

)2 + Bδ2(cg + ct
)

(A22)

∂E(UT
t (π

T
t ))
∗

∂β
= −

(p− r)
((

cg + ct
)(

Aθ(2θ + δmτ)− δ2m2τ2 A
)
+ δ(θ + δmτ)

(
m2τ2 A + 2Bθ + Bδmτ

))
2δ(θ + δmτ)

(
θ + δmτ − δ

(
cg + ct

)) (A23)

∂E(UT(πT))
∗

∂β
= −

(p− r)
(

A
(
cg + ct −mτ

)2
+ B

(
−δ
(
cg + ct

)
+ 2θ + δmτ

))
2
(
−δ
(
cg + ct

)
+ θ + δmτ

) (A24)

Proposition 5 is proved. �
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