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0is paper invested a two-echelon construction supply chain that consists of a general contractor and a subcontractor. 0is paper
constructs the centralized model and the decentralized models, respectively, and studies the emission reduction and revenue
distribution strategies of construction supply chain considering fairness concern and cap-and-trade. Numerical analysis is carried
out to analyze the influence of cap-and-trade and fairness concern on the optimal decision and the maximum profit of con-
struction supply chain. 0is paper shows that, under cap-and-trade policy, the centralized model has the best emission reduction
effect and the highest supply chain profit without fairness concern, while the general contractor’s Stackelberg model has the best
emission reduction effect and the highest supply chain profit with fairness concern. In the two scenarios, the Vertical Nash model
is the most unfavorable to emission reduction, and it will also seriously damage the interests of enterprises. In practice, supply
chain should choose the general contractor’s Stackelberg model and avoid the Vertical Nash model. Because fairness concern of
the subcontractor will damage the supply chain profits and emission reduction performance, the general contractor shall try to
select the subcontractor with lower fairness concern to avoid the loss of profit. Besides, enterprises should actively takemeasures to
reduce fairness concern, such as enterprises signing the contract price confidentiality clause, which aims to reduce fairness
concern of the subcontractor. 0e results of this paper can not only enrich the research content of construction supply chain
management, but also provide references for the government to formulate emission reduction policies.

1. Introduction

Nowadays, the accumulation of greenhouse gases has led to
the rising global climate [1], and the survival and devel-
opment of human are seriously affected. 0e results show
that 90% of the main causes of global warming are human
factors [2]. In 2016, China’s total carbon emissions were 9.11
billion tons [3], including 1.96 billion tons of carbon
emissions from the construction industry, accounting for
21.5% of the national carbon emissions [4]. Construction
industry is not only the pillar industry of the country, but
also one of the industries with excessive carbon emissions.
0e construction industry accounted for 7% of China’s GDP
but was responsible for approximately 30% of China’s total
CO2 emissions [5]. Moreover, due to the lack of scientific
management, construction enterprises have the problems,

which are low efficiency and high cost of emission reduction
[6]. 0erefore, ensuring the rapid development of the
construction industry and effectively controlling carbon
emissions simultaneously are an urgent problem in China.

0e cap-and-trade policy, with the dual means of gov-
ernment regulation and market regulation, has a significant
control effect. 0e policy has become the preferential
emission reduction policy of governments. By the end of
2018, China’s carbon emission trading volume is close to 800
million tons, and the total trading volume is more than 11
billion yuan [7]. China’s carbon trading market covers more
than ten industries, including building materials, steel, and
other construction related industries [8]. On the other hand,
the industries are also actively taking measures to reduce
carbon emissions, such that the incentive of emission re-
duction bonus can effectively inspire the construction
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enterprises to make more efforts reducing the carbon
emission of building [9]. Due to the dual role of cap-and-
trade and emission reduction bonus incentive, enterprises
not only have traditional construction costs/benefits, but
also have significant emission reduction benefits, that is,
emission reduction bonus and carbon trading benefits.
0erefore, with the implementation of cap-and-trade, how
to make decisions about emission reduction is an important
part of the construction supply chain [10, 11].

In the traditional supply chains, decision researches
mostly assume that the decision-maker is completely ra-
tional [12]. However, the researches in behavioral operation
field show that, in practice, decision-makers are not all
rational; when they have irrational behavior, supply chain
members will care about the fairness of profit distribution
[13]. Some researchers also found that fairness concern can
affect decisions of enterprises. Ho and Zhang (2008) [14]
confirmed that fairness concern exists in contract negotia-
tion and implementation, which will have a great impact on
enterprise decisions. In practice, the cooperation between
supply chain companies is usually hindered by the fairness of
profit distribution. In 2004, Gome, the Chinese household
electric appliance retailer who terminates cooperation with
Gree due to unfair distribution of profits, Wal-Mart, and
Procter and Gamble have caused unpleasant and even
conflicts because of unfair distribution of benefits; In 2007,
Langsha Knitting Co., the world’s largest hosiery company,
and Walmart, due to unfair profit distribution, result in
termination of cooperation [15]. At the same time, most of
the existing researches take the general contractor as a strong
side and study construction supply chain decision when the
general contractor is the leader [6, 16]. 0is is in line with
most of the construction projects in real life. However, as the
general contractor gradually transforms from a constructor
to a manager, the degree of professional subcontractors
gradually increases, and even as many subcontractors have
irreplaceable patents and professional technologies, the
dependence of the general contractor on such professional
subcontractors gradually increases. Meanwhile, as “the Belt
and Rode” initiative was proposed, China has been involved
in international projects, and the construction of projects
has also been more dependent on local professional con-
tractors. And subcontractors will follow the management of
the general contractor, but they will also protect their own
revenues [17]. On the other hand, the status, scale, and
economic strength of contractors are gradually improving,
such as China State Construction Engineering Corporation
Limited, China Railway Construction Corporation, and
Vinci Group. 0erefore, there are three scenarios (the
general contractor dominant model, the subcontractor
dominant model, and the Vertical Nash model) in the
market. Under different power structures, construction
supply chain companies will also make completely different
decisions. 0erefore, this paper studies the emission re-
duction and revenue distribution strategies of the general
contractor and the subcontractor under different power
structures when considering both cap-and-trade and fair-
ness concern and analyzes and compares the optimal so-
lutions to find the most favorable decentralized models for

the low-carbon development of construction supply chain.
0is paper is going to address the following research
questions:

(1) How to formulate the optimal carbon emission and
emission reduction revenue distribution strategy
without fairness concern under cap-and-trade? In
this case, which model is most beneficial to the
emission reduction and performance of construction
supply chain?

(2) How to formulate the optimal carbon emission and
emission reduction revenue distribution strategy
considering that the subcontractor has fairness
concern under cap-and-trade? In this case, which
model is most beneficial to the emission reduction
and performance of construction supply chain?

(3) What are the impacts of cap-and-trade and fairness
concern on the optimal decision and maximum
profit of the supply chain?

(4) Which power structure is the most beneficial for
reducing emissions and maximizing profits in con-
struction supply chain? When considering cap-and-
trade and fairness concern, what kind of power
structure should be avoided?

In order to answer these four questions, a two-echelon
construction supply chain is considered. It consists of a
general contractor and a subcontractor who has fairness
concern. 0e contributions of this paper are significant. 0e
first contribution is incorporating fairness concern, cap-and
trade policy, and power structure simultaneously into de-
cision optimization of supply chain. 0e existing researches
have explored fairness concern, cap-and trade policy, and
power structure, respectively [18–20]. For achieving a re-
source-conscious and environmentally-friendly society, it is
necessary to study the impact of fairness concern and power
structure on supply chain decision under cap-and-trade.0e
second contribution is bringing the construction industry
into the scope of cap-and-trade. 0e existing researches
mainly focus on the emission reduction decisions of
manufacturing and other industries but lack research on the
construction industry [21, 22]. At present, the construction
industry is one of the industries with excessive carbon
emissions. Studying its emission reduction strategy under
cap-and-trade policy can effectively reduce carbon emis-
sions. 0e model provides management implications for the
study of the impact of fairness concern and power structure
on supply chain decision and can provide suggestions for the
government to formulate policies to promote carbon
emission reduction.

0e remaining part of this paper is organized as follows.
After a review of the literature in Section 2, the model
description and assumptions are presented in Section 3. In
Section 4, the emission reduction and revenue distribution
strategies in the centralized and decentralized models
without fairness concern are discussed. In Section 5, the
emission reduction and revenue distribution strategies with
the subcontractor’s fairness concern in different power
structure are discussed. We conduct numerical analysis in
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Section 6 and conclude our work and point out future re-
search directions in Section 7.

2. Literature Review

0e literature reviewed in this paper primarily relates to
three research streams: (1) construction supply chain
emission reduction strategy under cap-and-trade; (2) the
revenue distribution strategy of construction supply chain
considering fairness concern; (3) supply chain revenue
distribution and reduction strategies under different
decentralized models.

2.1. Construction Supply Chain Emission Reduction Strategy
under Cap-and-Trade. In 1997, the Kyoto Protocol put
forward “carbon emission right trade,” which makes carbon
emission right become an important resource [23]. Ekins
and Baker (2001) [24] and Stern (2007) [25], respectively,
investigated advantages and disadvantages of cap-and-trade
and carbon tax policies. 0e research showed that, for
manufacturers, cap-and-trade can bring long-term incen-
tives. China vigorously promotes cap-and-trade and actively
builds and improves the carbon trading market. In April
2019, China issued the “carbon emission standard for
buildings,” in which the calculation requirements and
methods of carbon emission in the whole life cycle of
buildings are clearly specified.

Most of the existing researches on the construction
industry under cap-and-trade are focused on the carbon
trading system and the measurement of the construction
carbon emissions. Carbon emission accounting also directly
affects the formulation of carbon emission policies [26].
Rehan and Nehdi (2005) [10] studied the impact of cap-and-
trade on the cement industry, took the cement industry in
Canada as an empirical research object, and put forward
some improvement measures. Shao et al. (2014) [27] con-
ducted a quantitative study on the energy consumption and
carbon emissions of buildings and measured the carbon
emissions of landmark buildings in Beijing. 0e results
showed that materials accounted for about 90% of carbon
emissions, of which steel accounted for nearly half. 0e
researches on carbon emission measurement of the con-
struction industry provide a basis for the feasibility of this
study.

0ere are many researches on the reduction strategies of
other industries under cap-and-trade [21, 28]. Xu et al.
(2017) [29] investigated the production and emission re-
duction decision problem of a make-to-order supply chain
under cap-and-trade. In the study, they assumed that the
carbon trading price is a fixed value, which has certain
limitations. Yang et al. (2018) [22] investigated the channel
selection and emission reduction decision of the manu-
facturer in two-echelon supply chain under cap-and-trade.
0ey only discussed the emission reduction behavior of
manufacturers. In fact, some retailers also have emission
reduction behavior. Xu et al. (2018) [30] studied the decision
and coordination of low-carbon preference and channel
substitution in dual-channel supply chain considering cap-

and-trade. 0e results showed that the government should
formulate cap-and-trade policy to effectively reduce carbon
emissions. Wang et al. (2020) [31] investigated production
and carbon emission reduction strategies of a two-echelon
supply chain that consists of one manufacturer and one
retailer under cap-and-trade. Qu et al. (2021) [19] studied
the impact of cap-and-trade regulation on product warranty
policy and carbon emission reduction strategy. However,
there are few researches on construction supply chain re-
duction strategy under cap-and-trade.

From the macro perspective, the construction industry is
one of the main sources of carbon emissions, so it is nec-
essary to study how to extend the cap-and-trade policy to the
construction industry. 0e carbon emission of the con-
struction industry is large, so its trading volume is also large,
and its transaction cost accounts for a large proportion of the
total cost. Moreover, there are many participants in the
construction industry, and the control of carbon emissions
of all parties is different, which is easy to cause the par-
ticipants to shift responsibility for emission reduction. From
the micro perspective, the contract mode of the traditional
industry is relatively fixed, but the construction industry has
more participants, different forces, long construction period,
and high risk. 0erefore, the game mode and contract
signing between the parties are relatively diverse. 0is paper
aims to study the decision changes of the general contractor
and the subcontractor under the more typical game mode.

2.2.&e Revenue Distribution Strategy of Construction Supply
Chain considering Fairness Concern. At the beginning, most
of the research assumes that the participants are “rational
person” while studying the revenue distribution of con-
struction supply chain. Love et al. (2011) [32] investigated
participants in eight infrastructure projects in Australia and
found that the key factor for the success of the project is the
design of revenue sharing contract when all participants in
the infrastructure project form a consortium. Yang et al.
(2017) [33] combined the improved Shapley method with
TOPSIS method, analyzed and calculated the single factor
and multifactor profit distribution based on risk correction
factor and risk compensation value in construction supply
chain, and modified the single factor profit distribution.
Wen et al. (2021) [34] investigated the financing and pricing
decision of construction supply chain under capital con-
straints and obtained that there is a profit distribution model
under centralized decision, which makes construction de-
velopers and contractors more profitable. In recent years,
Fehr and Schmidt (1999) [35], Ho et al. (2014) [36], An et al.
(2018) [37], and many other researchers [38, 39] have found
that most supply chain participants in real life have fairness
concern, and they care about their own profits as well as
whether they can be treated fairly. Zhou and Zhang (2011)
[40] introduced fairness concern into large-scale ship ex-
cavation project and studied the influence of fairness con-
cern on incentive mode and bidding price of construction
companies. Jian et al. (2020) [41] analyzed the impact of a
revenue sharing contract on the pricing decision and profit
distribution of a competitive supply chain considering
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fairness concern. Zhang et al. (2020) [42] discussed the
impact of a green retailer’s fairness concern on the product
greenness and profit and explored how to distribute surplus
profits under the fairness concern using cooperative game
theory. Jian et al. (2021) [20] proposed a game theory model
under the centralized decision and decentralized decision of
green closed-loop supply chain with manufacturer’s fairness
concern, to study the problem of profit distribution between
manufacturers and retailers.

Due to the establishment of carbon trading market, the
carbon emission revenue of construction supply chain en-
terprises is not only the emission reduction bonus, but also
the carbon trading revenue. With the gradual increase of
carbon trading price, the carbon trading revenue will be-
come an important asset of enterprises. 0e distribution of
emission reduction revenue will become an important issue
for construction enterprises. Jiang et al. (2019) [11] con-
sidered cap-and-trade, respectively, established the emission
reduction revenue distributionmodel of construction supply
chain under the centralized and decentralized models, and
obtained the optimal distribution proportion. Most of the
existing studies on fairness concerns in the construction
industry do not consider cap-and-trade. Jiang and Yuan
(2019) [6] described fairness concern based on the Nash
bargaining game, respectively, considering three situations:
fairness concern of the subcontractor, the general con-
tractor, and both parties. 0ey constructed the game model
of competition and cooperation between a general con-
tractor and a subcontractor and obtained the optimal profit
distribution ratio and the optimal emission reduction of
both parties. 0e amount of money involved in the con-
struction industry is too much, and in most practical cases,
there is a big gap between the position and ability of the
general contractor and the subcontractor, which is easy to
cause the occurrence of fairness concern affecting their
cooperation [43]. Because the improvement of emission
reduction technology in the construction industry needs to
invest a lot of cost, the fairness concern behavior is more
likely to occur. 0erefore, research on the sensitivity of
fairness concern and its impact on decisions of all parties will
be an important part of whether the construction industry
can reduce emissions scientifically.

2.3. Supply Chain Revenue Distribution and Reduction
Strategies under Different Power Structure. 0e decision of
enterprises will vary with the change of power structure [44].
Studying the different power structure patterns formed by
two adjacent supply chain members can better grasp the
basic rules of power structure, then promote the interaction
of the whole supply chain, and finally realize the analysis and
improvement of the whole supply chain network [45].
Supply chain members often play Stackelberg game and
Vertical Nash game. Ertek and Griffin (2002) [46] analyzed
the influence of decentralized model on pricing, market
price sensitivity, and supply chain profit when the supply
chain has bargaining power, and the buyer has bargaining
power. Zhang et al. (2012) [47] also invested the pricing
strategies of dual-channel supply chain and formulated

manufacturer Stackelberg, retailer Stackelberg, and Vertical
Nash model. Research showed that although all members of
the supply chain have the motivation to be the leader, any
decentralized model is not the best for the whole supply
chain. Vertical Nash model is a kind of equilibrium state for
supply chain members, but it will lead to “prisoner’s di-
lemma,” and consumers could get the most benefit from it.
Ghosh et al. (2012) [48] analyzed the low-carbon level and
pricing strategy under three decentralized models: retailer
Stackelberg, manufacturer Stackelberg, and Vertical Nash.
Shi et al. (2013) [49] studied the effect of decentralizedmodel
and demand on the performance of supply chain and
pointed out that the effect of decentralized model on supply
chain efficiency depends on the expected demand and de-
mand shock. Gao et al. (2016) [18] studied the influence of
different decentralized models on the optimal decision and
performance of closed-loop supply chain. Research showed
that the profit of retailers and manufacturers will increase as
the dominant power shifts from manufacturer to retailer
when the demand for recovery becomes larger. Teng et al.
(2019) [50] analyzed the profit distribution among design,
construction contractors, owners, and BIM consultants with
the method of cooperative game theory and established a
modified Shapley value model including four risk factors of
operation risk, economic risk, profit risk, and market risk.

In the existing research on the construction industry
under cap-and-trade policy, most of them are limited to the
measurement of carbon footprint, and the research on
decisions of construction supply chain is less. Moreover, the
research on decisions of supply chain enterprises focuses on
single mode research and lacks the comparison of multiple
gamemodels. On the other hand, with fairness concern as an
unavoidable irrational behavior, the research on this be-
havior in the construction industry mostly lies in the
progress and cost research and lacks research on emission
reduction decision. Based on this situation, this paper
considers cap-and-trade policy in the macro level, while it
considers fairness concern of participants in the micro level
and integrates them to study the emission reduction and
profit distribution decision of construction supply chain.

2.4. Comparative Analysis of Literature Related to the Study.
0is section makes comparative analysis of literature related
to the study and summarizes the benefits of the literature to
this study in Table 1.

3. Model Description and Assumptions

In the section, firstly, the paper describes the research
problems in detail and clarifies the specific research content.
0en, it assumes the relevant parameters and notations
required for the study.

3.1. Problem Description. 0is paper studies the optimal
emission reduction and revenue distribution strategies of
construction supply chain consists of a general contractor
and a subcontractor. 0is paper considers that the sub-
contractor has fairness concern, and the general contractor
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and the subcontractor face the regulation of cap-and-trade.
0e owner signs a fixed total price plus emission reduction
bonus contract with the general contractor. At the same
time, the general contractor also signs a fixed total price plus
emission reduction bonus contract with the subcontractor.
0e decision environment of this paper is as follows:

(1) Under the dual incentives of cap-and-trade policy
and the owner’s emission reduction bonus, the
general contractor and the subcontractor will in-
crease the emission reduction investment (such as
research and development of emission reduction
technology and use of low-carbon materials and
equipment), but the cost of emission reduction will
increase with the increase of emission reduction.
Without loss of generality, the emission reduction
cost of the general contractor/subcontractor is tie

2
i

[28, 51], i � 1, 2, which shows that the cost of
emission reduction is a quadratic function of the
emission reduction.

(2) Under the cap-and-trade policy, the government
adopts the “benchmark emission rate method” to
design the cap; that is, the government formulates
the cap based on the carbon emission level of ad-
vanced unit construction area in the construction
industry [52]. When the enterprise exceeds the cap,
it needs to purchase additional carbon emission
rights from the carbon trading market. On the
contrary, if the carbon emission of the enterprise
after the completion of the construction is less than
the cap, the enterprise can sell the remaining rights
to obtain revenue. 0is paper assumes that the
carbon emission per unit building area is jointly
undertaken by the general contractor and the
subcontractor, and the general contractor is re-
sponsible for carbon trading. 0e total amount of
carbon trading per unit building area is

E0 � e0 − e1 − e2 − ecap. E0 > 0 indicates that the unit
carbon emission of the construction project exceeds
the cap, and the carbon rights need to be purchased,
while E0 < 0 indicates that the carbon rights is still
surplus after the completion of the construction; it
can be sold. 0e cost/benefit of carbon trading is
skE0.

Under the decision environment of cap-and-trade pol-
icy, this paper investigates the optimal strategies of different
power structure models without fairness concern. 0en, the
paper takes fairness concern into account in construction
supply chain to investigate the optimal strategies of different
power structure models with fairness concern.

3.2. Assumptions. 0roughout this paper, we use the pa-
rameters and notations presented in Table 2.

In addition, the assumptions in this paper are as follows:

(1) t2 > t1 > 2t1 − t2 > 0, ti reflects the emission reduction
efficiency of enterprises. In real life, the ability of the
general contractor is often higher than that of the
subcontractor, so the emission reduction efficiency
of the general contractor is higher than that of the
subcontractor. 0is assumption is in line with the
reality.

(2) P1 >P2, the general contractor’s fixed price portion is
higher than that of the subcontractor. 0is is con-
sistent with what is true in practice.

Based on the above model description and assumption,
the fixed total price plus emission reduction bonus contract
signed by the owner and the general contractor is as follows:

H1 � P1 + μsE. (1)

H1 represents the contract price signed by the owner and
the general contractor. μsE indicates that the bonus amount

Table 1: Comparative analysis of research streams.

Research streams involved in
literature review Literature Content

Construction supply chain emission
reduction strategy under cap-and-
trade

Begg [23], Ekins [24], Stern [25] Introduce cap-and-trade policy

Zhou et al. [26], Rehan and Nehdi [10], Shao et al.
[27]

Study the carbon trading system and the
measurement of the construction carbon

emissions under cap-and-trade
Wang et al. [21], Sabzevar et al. [28], Xu et al. [29],
Yang et al. [51], Xu et al. [30], Wang et al. [31], Qu

et al. [19]

Study carbon emission reduction decision
and profit distribution of supply chains in

various industries

0e revenue distribution strategy of
construction supply chain considering
fairness concern

Love et al. [32], Yang et al. [33], Wen et al. [34]
Study the revenue distribution of

construction supply chain without fairness
concern

Fehr and Schmidt [35], Ho et al. [36], An et al.
[37], Cui et al. [38], Loch et al. [39], Zhou and
Zhang [40], Zhang et al. [42], Jian et al. [20, 41]

Study the revenue distribution of supply
chain without fairness concern

Jiang et al. [6], Jiang and Yuan. [6], Liu et al. [43] Study the distribution of emission reduction
revenue for construction enterprises

Supply chain revenue distribution and
reduction strategies under different
power structure

Pasquinelli [44], El-Ansary and Stern [45], Ertek
and Griffin [46], Zhang et al. [47], Ghosh et al.
[48], Shi et al. [49], Gao et al. [18], Teng et al. [50]

Study decision optimization of supply chain
with different power structures
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of the owner is linearly related to the carbon emission re-
duction of the building.

Similarly, in order to obtain more emission reduction
incentives, the general contractor will also encourage the
subcontractor to increase emission reduction efforts. And
cap-and-trade policy is constrained to the general con-
tractor, and the general contractor and the subcontractor
must consider the mandatory constraint of cap-and-trade
policy. 0erefore, the general contractor also signed a fixed
price plus bonus contract with the subcontractor. 0e
contract between the general contractor and the subcon-
tractor is as follows:

H2 � P2 +(1 − λ)f. (2)

f � μs(e1 + e2) − skE0 � s(AE − Bk). f is the emission
reduction revenue, i.e., the emission reduction bonus and
carbon trading revenue. f � μs(e1 + e2)

− skE0 � μsE − skE0, f< μsE, (1 − λ)f< μsE, P1 >P2, so
H1 >H2.

0e profit function of the general contractor:

π1 λ, e1(  � P1 − P2 + λf − st1e
2
1 − c11. (3)

0e profit function of the subcontractor:

π2 e2(  � P2 +(1 − λ)f − st2e
2
2 − c12. (4)

0e profit function of construction supply chain:

πsc e1, e2(  � π1 λ, e1(  + π2 λ, e2(  � P1 + f − st1e
2
1 − st2e

2
2 − c1.

(5)

4. Model without Fairness Concern under Cap-
and-Trade

In order to reduce carbon emission, China must control the
carbon emissions of the construction industry effectively. In

this paper, cap-and-trade is introduced into the construction
industry. 0e implementation of cap-and-trade by the
government will affect construction supply chain enterprises
tomake strategies. First, the centralizedmodel is constructed
to study the optimal emission reduction strategy of both
parties without fairness concern. Secondly, the three
decentralized models are studied, that is, Stackelberg
models, one party dominated, and Vertical Nash model, two
parties balanced, and the optimal strategies of both parties
under three decentralized models are obtained.

4.1. CentralizedModel. In this section, this paper studies the
emission reduction strategy of construction supply chain
under the centralized model (CE), which is actually a “super
organization model.” In CE model, the general contractor
and the subcontractor are regarded as a whole to make
decisions, and the optimal emission reduction strategies of
both parties are decided by maximizing the profits of
construction supply chain, and the emission reduction
revenue is no longer distributed. At this time, the decision
problems faced by both parties are as follows:

max πsc e1, e2( 

s.t. e0 − e1 − e2 � E0 + ecap.
(6)

Proposition 1. In CE model, the optimal emission reduction
of the general contractor is

e
CE− n
1 �

A

2t1
. (7)

&e optimal emission reduction of the subcontractor is

e
CE− n
2 �

A

2t2
. (8)

Table 2: Notation of parameters and variables.

Decision
variables Description

λ Distribution ratio of emission reduction revenue

ei

Unit carbon emission reduction of the general contractor and the subcontractor, respectively, i � 1, 2.0e values 1 and 2
represent the general contractor and the subcontractor respectively

Parameters
Pi Fixed price portion of enterprise i, i � 1, 2
μ Carbon emission bonus coefficient obtained by the owner.
s Construction area
c1i Construction cost without emission reduction investment, i � 1, 2
c1 Total cost of construction supply chain without emission reduction investment, c1 � c11 + c12
e0 Initial unit carbon emissions of the general contractor and the subcontractor
ecap Carbon emission cap
E0 Carbon trading volume in the carbon trading market
E Total emission reduction of construction supply chain, E � e1 + e2
ti Carbon emission reduction cost coefficient of the general contractor and the subcontractor, i � 1, 2
k Unit carbon emission price in the carbon trading market
c 0e subcontractor’s fairness concern coefficient, reflecting the subcontractor’s emphasis on fairness
A Emission reduction revenue per unit of emission reduction, A � k + μ
B Minimum emission reduction without additional purchase of carbon emission rights, B � e0 − ecap
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Proof. From equations (3) and (4), we get
(z2πsc(e1, e2)/ze21) � − 2st1 < 0 and

(z2πsc(e1, e2)/ze22) � − 2st2 < 0.0en, − 2st1 0
0 − 2st2




> 0; that

is, πsc(e1, e2) is a joint concave in e1 and e2. From equation
(5), we get (zπsc(e1, e2)/ze1) � s(A − 2t1e1) and
(zπsc(e1, e2)/ze2) � s(A − 2t2e2). Let (zπsc(e1, e2)/ze1)

� (zπsc(e1, e2)/ze2) � 0; we can get eCE− n
1 � (A/2t1) and

eCE− n
2 � (A/2t2). 0is completes the proof.

In order to better distinguish different situations, the
subscripts 1, 2, sc represent the general contractor, the
subcontractor, and construction supply chain, respectively.
As to the superscript, the former represents different models,
and the latter n represents the case without fairness concern,f
represents considering fairness concern. For example, eCE− n

1
represents the emission reduction of the general contractor
without fairness concern in CE model. Proposition 1 shows
that there is a unique optimal solution to maximize the profits
of construction supply chain without fairness concern in CE
model. 0e emission reduction of both parties is directly
proportional to the carbon trading price and emission re-
duction incentive coefficient, and inversely proportional to
their own emission reduction cost coefficient. □

4.2. Decentralized Models. In this section, we study the
optimal emission reduction and revenue distribution
strategies of construction supply chain under the different
decentralized models. In different decentralized models, the
power of both sides is different, and the way of game is also
different. In order to study different decentralized models of
construction supply chain systematically, the paper discusses
the models with three decentralized models, which are the
General Contractor Stackelberg model, the Subcontractor
Stackelberg model, and the Vertical Nash model.

4.2.1. &e General Contractor Stackelberg Model. 0e
General Contractor Stackelberg (GS) model represents the
common situation of the construction industry, the power of
the general contractor is higher than that of the subcon-
tractor, and the decision behavior of the subcontractor
depends on the general contractor.

In GSmodel, the general contractor is the leader, and the
subcontractor is the follower.0e general contractor and the
subcontractor make their decisions in sequence.0e order of
events is as follows. Firstly, the general contractor makes
decisions according to the comprehensive conditions to
obtain the optimal distribution ratio of emission reduction
revenue and the optimal unit carbon emission reduction of
the general contractor (λ, e1). 0en, the subcontractor shall
optimize the decision to obtain the optimal unit emission
reduction (e2) according to the optimal distribution radio
and the optimal unit carbon emission of the general
contractor.

At this time, the general contractor’s decision problem is

max πGS− n
1 λ, e1( ,

s.t. e0 − e1 − e2 � E0 + ecap.
(9)

0e subcontractor’s decision problem is
maxπGS− n

2 e2( . (10)

Proposition 2. In GS model, the optimal emission reduction
of the general contractor is

e
GS− n
1 �

A
2

− 2Bkt2

2A 2t1 − t2( 
. (11)

&e optimal emission reduction of the subcontractor is

e
GS− n
2 �

A(1 − λ)

2t2
�

A
2

t1 − t2(  + 2Bkt1t2

2At2 2t1 − t2( 
. (12)

&e optimal distribution ratio of emission reduction
revenue is

λGS− n
�

t1 A
2

− 2Bkt2 

A
2 2t1 − t2( 

. (13)

Proof: From equation (4), we get
(zπ2(λ, e2)/ze2) � s[A(1 − λ) − 2t2e2]. Let (zπ2(λ, e2)

/ze2) � 0; we can get e2 � (A(1 − λ)/2t2). Replace e2 with
equation (3); we get (zπ1(λ, e1)/ze1) � s(Aλ − 2t1e1) and
(zπ1(λ, e1)/zλ) � s[(A2/t2)((1/2) − λ) +Ae1 − Bk]. Because
(z2π1(λ, e1)/ze21) � − 2st1 < 0, (z2π1(λ, e1)/ zλ2) � −

(sA2/t2), (z2π1(λ, e1)/ze1zλ) � (z2π1(λ, e1)/zλ ze1) � sA,

when 2t1 − t2 > 0,
− 2st1 sA

sA − (sA
2/t2)




> 0. Let (zπ1(λ, e1)/

ze1) � (zπ1(λ, e1)/zλ) � 0; we can get
eGS− n
1 � ((A2 − 2Bkt2)/ 2A(2t1 − t2)) and
λGS− n � (t1(A2 − 2Bkt2)/A2(2t1 − t2)). Replace λGS− n with
e2; we can get eGS− n

2 � (A(1 − λ)/2t2) � ((A2(t1 − t2)

+2Bkt1 t2)/2At2(2t1 − t2)). 0is completes the proof.
Proposition 2 shows that the GS model has a unique

optimal strategy to maximize the profits of construction
supply chain without fairness concern. Both sides should
take into account each other’s reactions when making
decisions. □

4.2.2. &e Subcontractor Stackelberg Model. 0is section
studies the optimal decision of construction supply chain
enterprises under the Subcontractor Stackelberg model (SS).
In SS model, the subcontractor has strong professional ability.
Although the general contractor has advanced economic
strength and management level, it lacks a certain professional
ability and relies heavily on the subcontractor. At this time,
the subcontractor, as a leader, is in a strong position. 0e
decision sequence is as follows. Frist, the subcontractor makes
decisions to obtain the optimal emission reduction (e2).0en,
the general contractor shall optimize decisions to obtain the
optimal distribution ratio of emission reduction revenue and
the optimal unit carbon emission reduction (λ, e1) according
to the optimal emission reduction (e2).

At this time, the subcontractor’s decision problem is

max π2 e2( . (14)

0e general contractor’s decision problem is
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max π1 λ, e1( ,

s.t. e0 − e1 − e2 � E0 + ecap.
(15)

Proposition 3. In SS model, the optimal emission reduction
of the general contractor is

e
SS− n
1 �

Bk

A
. (16)

&e optimal emission reduction of the subcontractor is

e
SS− n
2 � 0. (17)

&e optimal distribution ratio of emission reduction
revenue is

λSS− n
� 2Bkt1. (18)

Proof: From equation (3), we get (zπ1(λ, e1)/ze1) � s(Aλ −

2t1e1) and (zπ1(λ, e1)/zλ) � s[A(e1 + e2) − Bk]. Let
(zπ1(λ, e1)/ze1) � (zπ1(λ, e1)/zλ) � 0; we can get
e1 � (Bk/A) − e2 and λ � (− 2t1(Ae2 − Bk)/A2). Replace e1
and λ with equation (4); we get (zπ2(λ, e2)/ze2) � − 2st2e2.
Let (zπ2(λ, e2)/ze2) � 0; we can get eSS− n

2 � 0. Replace eSS− n
2

with e1 and λ; we can get eSS− n
1 � (Bk/A) and λSS− n � 2Bkt1.

0is completes the proof.
Proposition 3 shows that the distribution ratio of

emission reduction revenue in SS model is directly pro-
portional to the emission reduction cost coefficient of the
general contractor and has nothing to do with the emission
reduction cost coefficient of the subcontractor when fairness
concern is not taken into account. When the subcontractor
is the leader, he will not invest in emission reduction, and all
emission reduction tasks shall be undertaken by the general
contractor. 0e optimal emission reduction of the general
contractor is independent of its own emission reduction cost
coefficient. At this time, the optimal total emission reduction
of construction supply chain is Bk/A. Bk indicates the cost of
carbon purchase without carbon reduction investment. □

4.2.3. &e Vertical Nash Model. 0e Vertical Nash (VN)
model represents a kind of the general contractor and the
subcontractor with little difference in capability and posi-
tion, neither of which can dominate the market. 0e general
contractor and the subcontractor make their decisions si-
multaneously. 0e order of events is as follows. 0e general
contractor determines the response function of distribution
radio and emission reduction to maximize profit, and the
subcontractor determines to maximize profit.

At this time, the general contractor’s decision problem is

max πVN− n
1 λ, e1( ,

s.t. e0 − e1 − e2 � E0 + ecap.
(19)

0e subcontractor’s decision problem is

maxπVN− n
2 e2( . (20)

Proposition 4. In VN model, the optimal emission reduction
of the general contractor is

e
VN− n
1 �

2Bkt2 − A
2

2A t2 − t1( 
. (21)

&e optimal emission reduction of the subcontractor is

e
VN− n
2 �

A
2

− 2Bkt1

2A t2 − t1( 
. (22)

&e optimal distribution ratio of emission reduction
revenue is

λVN− n
�

t1 2Bkt2 − A
2

 

A
2

t2 − t1( 
. (23)

Proof: From equation (4), we get
(zπ2(e2)/ze2) � s[A(1 − λ) − 2t2e2], and from equation (3),
we get (zπ1(λ, e1)/ze1) � s(Aλ − 2t1e1) and
(zπ1(λ, e1)/zλ) � s[A(e1 + e2) − Bk]; let (zπ1(λ, e1)/ze1)

� (zπ1(λ, e1)/zλ) � (zπ2(e2)/ze2) � 0; we can get
eVN− n
1 � ((2Bkt2 − A2)/2A(t2 − t1)), eVN− n

2 � ((A2 − 2Bkt1)

/2A(t2 − t1)) and λVN− n � (t1(2Bkt2 − A2)/A2(t2 − t1)).
0is completes the proof.

Proposition 4 indicates the optimal emission reduction
and emission reduction revenue distribution ratio strategies
of construction supply chain in VN model without fairness
concern. At this time, the total emission reduction of
construction supply chain is Bk/A, which shows that the
total emission reduction in VN model is not related to the
emission reduction cost coefficient of both parties, but only
related to the carbon trading price and emission reduction
incentive coefficient. □

4.3. Comparative Analysis

Proposition 5. (a) eCE− n
1 > eGS− n

1 > eSS− n
1 > eVN− n

1 ;
(b) eVN− n

2 > eCE− n
2 > eGS− n

2 > eSS− n
2 ;

(c) ECE− n >EGS− n >ESS− n � EVN− n;

Proof:
(a) 2t1 > t2 > t1 > 2t1 − t2 > 0, we can get

eCE− n
1 − eGS− n

1 � (A/2t1) − (A/2(2t1 − t2)

) + (2Bkt2/2A(2t1 − t2))> 0, that is, eCE− n
1 > eGS− n

1 .
A2 > 2Bkt2; we can get eGS− n

1 − eSS− n
1 �

((A2/2Bk)/(2t1 − t2)) − (t2/(2t1 − t2))> 0, that is,
eGS− n
1 > eSS− n

1 . So eCE− n
1 > eGS− n

1 > eSS− n
1 > eVN− n

1 .
(b) A2 > 2Bkt2, we can get

eVN− n
2 − eCE− n

2 � (t1(A2 − 2Bkt2)/4At2(t2 − t1))> 0,
that is, eVN− n

2 > eCE− n
2 . eCE− n

2 − eGS− n
2 � (t1(A2−

2Bkt2)/2At2(2t1 − t2))> 0, that is ,eCE− n
2 > eGS− n

2 > 0,
so eVN− n

2 > eCE− n
2 > eGS− n

2 > eSS− n
2 .

(c) ESS− n � EVN− n � (Bk/A),
ECE− n � (A(t1 + t2)/2t1t2),
EGS− n � ((A2t1 + 2Bkt2(t1 − t2))/2At2(2t1 − t2)),
EGS− n − EVN− n � (t1(A2 − 2Bkt2)/2At2
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(2t1 − t2))> 0, so ECE− n > EGS− n >ESS− n � EVN− n.
0is completes the proof.

In Proposition 5, it can be seen that CE model has the
largest total emission reduction and the best emission re-
duction effect. GS model is second, and SS model and VN
model have the same total emission reduction and the worst
emission reduction effect. In VN model, the subcontractor
undertakes all the emission reduction tasks, and the general
contractor will not carry out emission reduction at all. □

5. Model with Fairness Concern of
Subcontractor under Cap-and-Trade

5.1. Portray Fairness reference Point. 0e key to establish a
fairness concern model is to determine the fairness reference
point [53]; most researches adopt the F–S model, which
takes the profit of the other party as its absolute fairness
reference point. When the profit of one party is lower than
that of the other party, the utility decreases; otherwise, the
utility increases. However, this model only considers the
profit gap between the two sides and ignores the efficiency,
status, and contribution of both sides. It is an absolute
fairness model. In fact, fairness is relative. 0e status and
efficiency of supply chain members will affect the fairness of
revenue distribution in supply chain [54]. Nash bargaining
game puts forward a balanced revenue distribution scheme
from the perspective of the strength and contribution of all
stakeholders [55]. In this section, Nash bargaining game
solution is taken as the reference point of fairness concern,
and then, the fairness of the subcontractor is depicted, which
reflects the relative fairness and is more in line with the real
environment.

When the subcontractor is concerned about fairness, the
utility function of the general contractor is

U
f
1 λ, e1(  � π1. (24)

0e utility function of the subcontractor is

U
f
2 λ, e2(  � π2 + c π2 − πf

2  � (1 + c)π2 − cπf
2 . (25)

In the above formula, πnf
2 refers to the reference point of

the subcontractor’s fairness concern. 0e utility function of
construction supply chain is

U
f
sc e1, e2, λ(  � U

f
1 λ, e1(  + U

f
2 λ, e2( . (26)

According to the definition of Nash bargaining theory,
the optimal solution is to maximize the utility product of
both parties, that is, to maximize the utility product of the
general contractor and the subcontractor [56].

U
f
p � U

f
1 U

f
2 � π1 (1 + c)π2 − cπ2 ,

max U
f
p,

s.t. π1 + π2 � πsc,

U
f
1 , U

f
2 > 0.

(27)

We can obtain U
f
p � (1 + c)πscπ2 − cπscπ2 − (1 + c)π2

2
+cπ2π2, and we take the first derivative and the second
derivative with respect to π2: (zU

f
p/zπ2) � (1 + c)

πsc − 2(1 + c)π2 + cπ2 and (d2Uf
p/d2π2) � − 2(1 + c)< 0.

U
f
p is a concave function with a maximum value. π∗2 is

the optimal value of U
f
p .

zU
f
p π∗2( 

zπ2
� 0,

(1 + c)πsc − 2(1 + c)π∗2 + cπ2 � 0.

(28)

According to fixed-point theorem, π∗2 � π2. 0erefore,
the fairness reference point of the subcontractor is

πf
2 �

1 + c

2 + c
πsc. (29)

To sum up, replace πnf
2 with equation (25) and simplify

it; we can get the utility function of the subcontractor:

U
f
2 e2(  � π2 + c π2 − π2(  �

2 + 2c

2 + c
π2 −

c + c
2

2 + c
π1. (30)

0e utility function of construction supply chain is

U
f
sc e1, e2, λ(  �

2 − c
2

2 + c
π1 +

2 + 2c

2 + c
π2. (31)

5.2. Centralized Model. At this point, the centralized model
needs to consider fairness concern of the subcontractor.
Both sides take the maximization profit of construction
supply chain as their goal to make decisions.0ere is λ in the
profit function of construction supply chain, which indicates
that both parties are a cooperative alliance, not the same
company, so both parties still need to distribute emission
reduction revenue.

At this time, the decision problems faced by both parties
are

maxU
f
sc e1, e2, λ( ,

s.t. e0 − e1 − e2 � E0 + ecap.
(32)

Proposition 6. In CE model, when 0< c<
�
2

√
, the optimal

emission reduction of the general contractor is

e
CE− f
1 �

2Bkt2(1 + c)

A 2 − c
2

 t1 + 2(1 + c)t2 
. (33)

&e optimal emission reduction of the subcontractor is

e
CE− f
2 �

Bk 2 − c
2

 t1

A 2 − c
2

 t1 + 2(1 + c)t2 
. (34)

&e optimal distribution ratio of emission reduction
revenue is
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λCE− f
�
2(1 + c) 2A

2
(1 + c)t2 + 2 − c

2
  A

2
− 2Bkt2 t1 

A
2
c2(2 + c) 2 − c

2
 t1 + 2(1 + c)t2 

.

(35)

Proof:

z
2
U

ce
sc

ze
2
1

z
2
U

ce
sc

ze1ze2

z
2
U

ce
sc

ze1zλ

z
2
U

ce
sc

ze2ze1

z
2
U

ce
sc

ze
2
2

z
2
U

ce
sc

ze2zλ

z
2
U

ce
sc

zλ ze1

z
2
U

ce
sc

zλ ze2

z
2
U

ce
sc

zλ2





�

−
2s 2 − c

2
 t1

2 + c
0 − Asc

0 −
4s(1 + c)t2

2 + c
− Asc

− Asc − Asc 0





.

(36)

To have a maximum, then, 2 − c2 > 0, 0< c<
�
2

√
.

H11 < 0, H12 > 0, H13 < 0, so there is a unique optimal so-
lution. From equations (24) and (30), we can get
(zU

f
sc/ze1) � (s[2A(1 + c)(1 + λ) + (2 − c2) (Aλ − 2e1t1)]

/(2 + c)), (zU
f
sc/ze2) � (s Aλ(2 − c2) + 2(1 + c)[A(1 − λ)

− 2e2t2]}/(2 + c)) and (zU
f
sc/zλ) � sc2[Bk − A(e1 + e2)]. Let

(zU
f
sc/ze1) � (zU

f
sc/ze2) � (zU

f
sc/zλ) � 0; we can get

e
CE− f
1 � (2Bkt2(1 + c)/A[(2 − c2)t1 + 2(1 + c)t2]), e

CE− f
2 �

(Bk(2 − c2)t1/A[(2 − c2)t1 + 2(1 + c)t2]) and λCE− f

� ((2(1 + c)[2A2(1 + c)t2 + (2 − c2) (A2 − 2Bkt2)t1])/
(A2c(2 + c)[(2 − c2)t1 + 2(1 + c)t2])). 0is completes the
proof.

Proposition 6 shows that when 0< c<
�
2

√
, there is a

unique optimal strategy in the centralizedmodel considering
fairness concern, which maximizes the utility of construc-
tion supply chain. When fairness concern is not taken into
account, the decentralized model is equivalent to the cen-
tralized model, and the two parties are a whole, so λCE− n � 0;
that is, the two parties do not need to distribute emission
reduction revenue. However, when considering fairness
concern of the subcontractor, both parties need to distribute
the emission reduction revenue of both parties even in the
centralized model. 0e total emission reduction of con-
struction supply chain is (Bk/A), which has nothing to do
with the subcontractor’s fairness concern. □

5.3. Decentralized Models. In this section, this paper
invested the optimal strategy of construction supply chain
considering fairness concern of the subcontractor under
cap-and-trade in decentralized models.

5.3.1. &e General Contractor Stackelberg Model. At this
time, the general contractor’s decision problem is

maxU
f
1 λ, e1( ,

s.t. e0 − e1 − e2 � E0 + ecap.
(37)

0e subcontractor’s decision problem is

maxU
f
2 e2( . (38)

Proposition 7. In GS model, the optimal emission reduction
of the general contractor is

e
GS− f
1 �

A
2

− 2Bkt2

2A (2 + c)t1 − t2 
. (39)

&e optimal emission reduction of the subcontractor is

e
GS− f
2 �

A

2t2
−

A
2

− 2Bkt2 (2 + c)t1

4At2 (2 + c)t1 − t2 
. (40)

&e optimal distribution ratio of emission reduction
revenue is

λGS− f
�

t1 A
2

− 2Bkt2 

A
2

(2 + c)t1 − t2 
. (41)

Proof: From equation (30), we get (zU
f
2 (e2)/ze2) � ((s(1 +

c) A[2 − λ(2 + c)] − 4e2t2})/(2 + c)), so
e2 � ((A[2 − (2 + c)](1 − λ))/4t2).

Replace it with equation (24), because
(z2U

f
1 ((λ, e1))/ze21) � − 2st1 < 0, (z2 U

f
1 ((λ, e1))/zλ

2) �

− (sA2(2 + c)/2t2)< 0, so

− 2st1 sA

sA −
sA

2
(2 + c)

2t2





> 0,

zπ1 λ, e1( 

ze1
� s Aλ − 2t1e1( ,

zπ1 λ, e1( 

zλ
�

s A
2
[1 − (2 + c)λ] + 2 Ae1 − Bk( t2 

2t2
.

(42)

Let (zπ1(λ, e1)/ze1) � (zπ1(λ, e1)/zλ) � 0; we can get
e
GS− f
1 � ((A2 − 2Bkt2)/2A[(2 + c)t1 − t2]) and λGS− f

� (t1(A2 − 2Bkt2)/A2[(2 + c)t1 − t2]). Replace λGS− f with
e2; we can get e

GS− f
2 � (A/2t2) − (((A2 − 2Bkt2)(2 + c)

t1)/4At2[(2 + c)t1 − t2]). 0is completes the proof.
Proposition 7 shows the optimal strategy of construction

supply chain in GS model considering fairness concern of
the subcontractor. 0e proposition shows that the emission
reduction and emission reduction revenue distribution ratio
are inversely proportional to the fairness concern coefficient
of the subcontractor, which shows that fairness concern of
the subcontractor will affect the interests of the general
contractor and the emission reduction effect. □

5.3.2. &e Subcontractor Stackelberg Model. At this time, the
subcontractor’s decision problem is

maxU
f
2 e2( . (43)

0e general contractor’s decision problem is
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maxU
f
1 λ, e1( ,

s.t. e0 − e1 − e2 � E0 + ecap.
(44)

Proposition 8. In SS model, the optimal emission reduction
of the general contractor is

e
SS− f
1 �

− 2Bkt1t2

A
2

ct1 − 2t2( 
. (45)

&e optimal emission reduction of the subcontractor is

e
SS− f
2 �

Bkt2c

A ct1 − 2t2( 
. (46)

&e optimal distribution ratio of emission reduction
revenue is

λSS− f
�

− 4Bkt1t2

A
2

ct1 − 2t2( 
. (47)

Proof: From equation (24), we get
(zπ1(λ, e1)/ze1) � s(Aλ − 2t1e1) and (zπ1(λ, e1)/zλ) �

s[A(e1 + e2) − Bk]; let (zπ1(λ, e1)/ze1) � (zπ1(λ, e1)

/zλ) � 0; we can get e1 � (Bk/A) − e2 and
λ � − 2t1(Ae2 − Bk). Replace e1 and λ with equation (25); we
get (zπ2(λ, e2)/ze2) � ((2s(1 + c)[− 2Ae2t2
+t1c(Ae2 − Bk)])/A (2 + c)). Let (zπ2(λ, e2)/ze2) � 0; we
can get e

SS− f
2 � (Bkt2c/A(ct1 − 2t2)). Replace e

SS− f
2 with e1

and λ; we can get e
SS− f
1 � (− 2Bkt1t2/A2(ct1 − 2t2)) and

λSS− f � (− 4Bkt1t2/A2(ct1 − 2t2)). 0is completes the proof.
Proposition 8 shows the optimal strategy of construction

supply chain in SS model considering fairness concern of the
subcontractor. Because 0< c<

�
2

√
, t2 > t1, so ct1 − 2t2 < 0,

therefore, the subcontractor’s emission reduction is nega-
tive, which means that when the subcontractor is the leader,
it will not only not reduce its own emission, but also make its
carbon emission higher than that of the traditional con-
struction process because of fairness concern, which means
that the enterprises with fairness concern prefer to lose their
own interests to get fair treatment. □

5.3.3. &e Vertical Nash Model. At this time, the general
contractor’s decision problem is

max πVN− f
1 λ, e1( ,

s.t. e0 − e1 − e2 � E0 + ecap.
(48)

0e subcontractor’s decision problem is

maxπVN− f
2 e2( . (49)

Proposition 9. In VN model, the optimal emission reduction
of the general contractor is

e
VN− f
1 �

2Bkt2 − A
2

A 2t2 − (2 + c)t1 
. (50)

&e optimal emission reduction of the subcontractor is

e
VN− f
2 �

A
2

− 2Bk(2 + c)t1

A 2t2 − (2 + c)t1 
. (51)

&e optimal distribution ratio of emission reduction
revenue is

λVN− f
�

2t1 2Bkt2 − A
2

 

A
2 2t2 − (2 + c)t1 

. (52)

Proof: From equation (30), we get
(zπ2(e2)/ze2) � ((− s(1 + c) [Aλ(2 + c) − 2A + 4e2t2])/
(2 + c)). From equation (24), we get
(zπ1(λ, e1)/ze1) � s(Aλ − 2t1e1) and (zπ1(λ, e1)

/zλ) � s[A(e1 + e2) − Bk]. Let (zπ1(λ, e1)/ze1) � (zπ1(λ,

e1)/zλ) � (zπ2(e2)/ze2) � 0; we can get e
VN− f
1

� ((2Bkt2 − A2)/A[2t2 − (2 + c)t1]), e
VN− f
2 � ((A2−

2Bk(2 + c)t1)/A[2t2 − (2 + c)t1]) and λVN− f � (2t1(

2Bkt2 − A2)/A2[2t2 − (2 + c)t1]). 0is completes the proof.
Proposition 9 represents the optimal decision of con-

struction supply chain in VN model considering fairness
concern of the subcontractor. 0e proposition shows that
the emission reduction strategy of the general contractor is
inversely proportional to the fairness concern coefficient of
the subcontractor and its own emission reduction cost
coefficient. 0e distribution radio of emission reduction
revenue is also inversely proportional to the fairness concern
coefficient of the subcontractor. □

6. Numerical Analysis

6.1. &e Impact of Cap-and-Trade without Fairness Concern.
In this part, numerical analysis is carried out to analyze the
impact of cap-and-trade on the optimal decisions and profit
of construction supply chain without fairness concern, and
reasonable management suggestions are obtained.
Sete0 � 9, ecap � 7, t1 � 6, t2 � 8, μ � 15, P1 � 3200000, P2 �

1200000, s � 1000, C11 � 1500000, C12 � 1000000, k ∈ (10,

25).
Figure 1 reflects the impact of cap-and-trade on emission

reduction under different decentralized models, that is, the
impact of carbon trading price (k) on emission reduction.
Figures 1(a)–1(d) reflect the change trend of emission re-
duction in CE/GS/SS/VN models successively. In CE model,
with the increase of k, the emission reductions of both sides
are also increasing. In GS model, with the increase of k, the
emission reduction of both parties is increasing. However,
the emission reduction of the subcontractor will tend to be
gentle at last, which shows that, as a follower, the emission
reduction benefits of the subcontractor are limited, and their
own emission reduction efficiency is not high, and the cost of
emission reduction is relatively large, so the emission re-
duction will be limited. In VN model, the general contractor
is completely unwilling to reduce emissions, and all the
emission reduction work needs to be undertaken by the
subcontractor. Figure 1(e) shows the trend of total emission
reduction of construction supply chain with respect to k.
Overall, the total emission reduction of construction supply
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chain is directly proportional to the carbon trading price.
0e CEmodel as the best emission reduction effect, followed
by GS model. SS/VN models have the same total emission
reduction. Although the total emission reduction increases
with the increase of k; it is still the model with the worst

emission reduction effect. It can be seen that SS/VN models
are not suitable for emission reduction of construction
supply chain.

Figure 2 shows the impact of cap-and-trade on the
distribution ratio of emission reduction revenue (λ). It can
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Figure 1: Effects of k on emission reduction (a–e).
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be seen from Figure 2 that when k changes in the range of
10–15, λ fluctuates between 0.70 and 0.75 in GS model,
indicating that the general contractor, as a leader, will share
most of the emission reduction benefits. In SS model, λ
fluctuates between 0.38 and 0.40, which indicates that the
subcontractor, as a leader, will also get more emission re-
duction benefits. In VN model, λ begins to decrease sharply
with the increase of k. λ decreased from 0.84–0.6.0is shows
that the general contractor is very reluctant to invest in
emission reduction under this model. Even if the price of
carbon trading increases, the general contractor will not only
give all the emission reduction benefits to the subcontractor,
but also give additional subsidies to the subcontractor.

Figure 3 shows the impact of cap-and-trade on the profit
of construction supply chain under different decentralized
model. Figures 3(a)–3(c) reflect the trend of profit change of
both parties under GS/SS/VN model successively. In GS
model, with the increase of k, the maximum profits of both
parties are increasing. In SS model, the profit of the sub-
contractor is fixed value, and the profit of the general
contractor is decreasing. In VN model, both parties’ profits
are declining. 0e decrease in profits indicates that the
emission reduction does not meet the cap, so it is necessary
to purchase carbon emission rights in the carbon trading
market and pay additional carbon trading costs. With the
increase of k, the carbon trading costs increase. Figure 3(d)
shows the variation trend of the profit with respect to k

under different decentralized models. It can be seen from the
figure that, under CE model, the total profit of construction
supply chain is the largest, followed by GS model. Under SS
model, the maximum profit has nothing to do with k. In VN
model, with the increase of k, the total profit of construction
supply chain is decreasing.

6.2. &e Impact of Fairness Concern with Subcontractor’s
Fairness Concern. In this part, numerical analysis is carried
out to analyze the impact of the subcontractor’s fairness
concern coefficient (c) on the optimal decision and maxi-
mum profit of construction supply chain under different

decentralized models when cap-and-trade and the sub-
contractor’s fairness concern are considered simultaneously,
and reasonable management suggestions are obtained
through analysis. Set c ∈ [0, 1], k � 20, and other parameters
are consistent with 6.1.

Figure 4 reflects the impact of the subcontractor’s
fairness concern on emission reduction under different
decentralized models considering cap-and-trade and the
subcontractor’s fairness concern simultaneously.
Figures 4(a)–4(d) in turn reflect the change trend of
emission reduction in CE/GS/SS/VN model. In CE and SS
models, the trend of emission reduction is the same. When
c � 0, i.e., both parties are fair-and-neutral, the emission
reduction of the general contractor is at the lowest point, and
that of the subcontractor is at the highest point. With the
increase of c, the emission reduction of the general con-
tractor increases gradually, and the emission reduction of
the subcontractor decreases gradually, which indicates that
the subcontractor does not want to reduce emissions due to
the fairness concern behavior, and with the increase of
fairness concern, the subcontractor will be more negative. In
GS model, when c � 0, the subcontractor’s emission re-
duction is at the lowest point. With the increase of c, the
subcontractor’s emission reduction is increasing, and the
general contractor’s emission reduction is decreasing. When
c � 0.6, the emission reduction of the two sides is the same.
With the increase of c, the subcontractor’s emission re-
duction will be greater than that of the general contractor.
0is shows that fairness concern of the subcontractor under
this mode will motivate himself to increase emission re-
duction but will lead to the reduction of emission reduction
of the general contractor. In VN model, the total emission
reduction of construction supply chain is the same, so the
emission reduction of the two sides is completely sym-
metrical. e1 is decreasing up to c � 0.6, then drastically
increases for c � 0.7, and then again decreases as from
c � 0.8. Due to the symmetry of emission reduction, the
change of e2 is opposite to that of e1. e2 is increasing up to
c � 0.6, then drastically decreases for c � 0.7, and then again
increases as from c � 0.8. Figure 4(e) shows the change trend
of total emission reduction of construction supply chain
with respect to c under different decentralized models. It can
be seen from the figure that the emission reduction effect of
GS model is better, followed by CE model, and the emission
reduction amounts of VN and SS models are exactly the
same, and the emission reduction effect of these two models
is the worst. At the same time, it can also be seen that fairness
concern of the subcontractor under GS model will have a
negative impact on the emission reduction of construction
supply chain.

Figure 5 shows the effect of c on the distribution ratio of
emission reduction revenue (λ). In CE model, when λ> 1, it
means that the general contractor not only obtains all the
emission reduction revenue, but also deducts part of the
revenue of the subcontractor. However, with the increase of
c, λ will decrease greatly. In GS model, λ decreases from 0.62
to 0.29 with the increase of c. Due to fairness concern of the
subcontractor, the general contractor needs to distribute
more emission reduction revenue to him. In SS model, λ

-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8
1

λ

λGS-nn

λSS-nn

λVN-nn

12 14 16 18 20 22 2410
k

Figure 2: Effects of k on emission reduction revenue distribution
radio.
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fluctuates between 0.40 and 0.62. In VN model, λ fluctuates
greatly. When c< 0.7, the subcontractor can get all the
emission reduction bonus and the additional bonus of the
general contractor. When 1> c> 0.7, the general contractor
will get all bonus, and the subcontractor will be fined.
0rough the analysis of the change of distribution radio
under different decentralizedmodels, we can see that CE and
VN models will lead to huge loss of revenue for one side of
construction supply chain. In GS model, fairness concern of
the subcontractor can gain more revenue for himself, while,
in SS model, fairness concern of the subcontractor will
damage their own revenue.

Figure 6 shows the influence of c on the maximum profit
of construction supply chain under different decentralized
models considering cap-and-trade and the subcontractor’s
fairness concern. Figures 6(a)–6(d) in turn reflect the change

trend of maximum profits of both parties under CE/GS/SS/
VN model. In CE model, the profit of the general contractor
decreases to a certain extent with the increase of c from zero,
and the profit of the subcontractor increases to a certain
extent. In GS model, the profit of the general contractor is
gradually reduced, and the profit of the subcontractor begins
to increase to a certain extent and then gradually decreases.
In VN model, the profits of both parties will become neg-
ative. In real life, this will cause the two parties no longer to
cooperate. In SS model, with the increase of c, the profits of
both sides are decreasing. Figure 6(e) shows the change of
the total profit of construction supply chain in different
decentralized models. 0e GS model has the largest total
profit, followed by CE model. In VN model, the total profit
decreases with the increase of c. In VNmodel, the total profit
is decreasing and even becomes negative. 0erefore, when
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Figure 3: Effects of k on profit (a–d).
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the subcontractor has fairness concern, the VN model will
cause huge losses to the members of construction supply
chain and eventually lead to the breakdown of cooperation.

7. Conclusions and Suggestions for the
Further Research

7.1. Conclusions. Nowadays, “green development” has be-
come the core concept of social development in China. At
the national level, the Chinese government vigorously
promotes cap-and-trade policy and makes effort to build a
carbon trading market, aiming to change from the tradi-
tional economic development model to the ecological and
sustainable development model. As the key industry of
“green development,” it is the general trend to integrate the
construction industry into the supervision of cap-and-trade.
0e cost/benefit of carbon trading will also become an
important asset of construction enterprises. On the social
level, people’s awareness of energy conservation and
emission reduction has been gradually improved, and more
attention has been paid to the issues such as whether the
housing environment is beautiful, whether the construction
materials are environmentally friendly, and consumers are
more willing to buy low-carbon houses. In order to meet the
low-carbon requirements of needs and policies, real estate
enterprises encourage contractors to reduce carbon emis-
sions and build low-carbon buildings. In the face of the dual
incentives of cap-and-trade and emission reduction bonus,
how the general contractor and the subcontractor decide the
emission reduction amount and the distribution of emission
reduction revenue is the key issue that needs urgent decision.

In addition, the purpose of construction supply chain
management is to achieve “win-win,” which needs to con-
sider the psychological state of the general contractor and
the subcontractor, that is, fairness concern, ensuring the
satisfaction of both parties in the process of cooperation. At

the same time, the two sides will have different game pro-
cesses and decision objectives under different decentralized
models, so the optimal emission reduction decisions of the
two sides under different decentralized modes are also
greatly different.

In response to national green development and low-
carbon calling, combined with the psychological charac-
teristics of construction supply chain members, this paper
first studies the strategies of emission reduction and revenue
distribution of construction supply chain without fairness
concern under different decentralized models; then, on this
basis, it introduces fairness concern of the subcontractor and
studies the different decentralized models considering cap-
and-trade and the subcontractor’s fairness concern. At the
same time, through numerical analysis, the optimal deci-
sions of different decentralized models are compared, and
scientific and reasonable management strategies are ob-
tained. In summary, the conclusions and management
suggestions of this paper include the following aspects.

When we do not consider fairness concern and only
consider the impact of cap-and-trade on construction supply
chain, this study shows that, (i) in terms of emission re-
duction effect, CE model has the best emission reduction
effect, followed by GS model. 0e emission reduction
amount of the two models is close, and the effect of SS/VN
model is the worst; (ii) for the decision of emission reduction
revenue distribution, the enterprise as a leader will give more
benefits to himself, and the distribution radio fluctuates the
most under VN model, and it will also cause serious damage
to the interests of one side, which will lead to unreasonable
distribution scheme; (iii) for the profit of construction
supply chain, the profit of supply chain is the biggest, fol-
lowed by that of GS model. 0e profits of the two models are
similar, and the profit of construction supply chain is the
least in VN model; (iv) the carbon trading price is directly
proportional to the emission reduction effect of construction
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supply chain, and the increase of the carbon trading price in
CE/GS model can increase the profit of construction supply
chain, while the profit of VN mode will decrease; (v) the
emission reduction efficiency of the general contractor has
no impact on the emission reduction of VN model, which is
directly proportional to the emission reduction effect of
other models.

To sum up, when facing cap-and-trade, construction
enterprises should adopt GSmodel and avoid VNmodel and
SS model. At the same time, both sides should strive to
improve their own emission reduction efficiency. Supply
chain members should actively cooperate and work together
to maximize the profits of construction supply chain, so as to
obtain the optimal emission reduction strategy and the
optimal profit distribution ratio. Besides, it should appro-
priately increase the emission reduction incentives for en-
terprises, which can stimulate enterprises to pay attention to
carbon emission problems and formulate reasonable
emission reduction strategies.

When considering the impact of cap-and-trade and the
subcontractor’s fairness concern on construction supply
chain, this study shows that, (i) in terms of emission re-
duction effect, GS model has the best emission reduction
effect, followed by CEmodel and SS/VNmodel that have the
same emission reduction amount, and the two models have
the worst emission reduction effect; (ii) in terms of emission
reduction revenue distribution strategy, CE/VN models
have the largest fluctuation in distribution radio; (iii) in
terms of the profits of construction supply chain, the profits
under GS model are the highest, followed by CE model, and
VN model is the lowest, even leading to loss, which will lead
to the breakdown of the cooperation relationship; (iv) the
increase of fairness concern of the subcontractor leads to the
reduction of emissions under GS model, thus leading to the
decrease of emissions resulting in a decrease in profits.0ere
is no effect on the emission reduction of CE/SS/VN models.

To sum up, when the general contractor is faced with
cap-and-trade, and the subcontractor has fairness concern,
(i) in practice, it should adopt the decision model with the
general contractor as the leader as far as possible, which can
not only ensure that its own profits are not damaged, but also
ensure the maximum profits of construction supply chain. It
is conducive to the stable development of construction
supply chain. Besides, it should avoid VN model, it will lead
to loss. (Ii) Fairness concern of the subcontractor will ad-
versely affect the optimal decisions of supply chain mem-
bers, which makes the emission reduction effect and profit of
construction supply chain the worst and even undermine the
cooperation between the two sides. When selecting sub-
contractors for cooperation, the general contractor shall try
to select the subcontractor with lower fairness concern to
avoid the loss of profit. Besides, the enterprises should ac-
tively take measures to reduce fairness concern, such as
enterprises sign the contract price confidentiality clause,
which aim to reduce fairness concern of the subcontractor.

Based on the above two cases, we can see that GS model
is conducive to the emission reduction and revenue of
construction supply chain. VN model should be avoided,
because it does not consider the reaction of the other party

and makes decisions from the goal of maximizing its own
profits.0is will lead to a “double loss” situation, resulting in
profit reduction or even loss. GS model is in line with the
actual situation of most of the construction industry today.
At this time, fairness concern of the subcontractor will
damage the profits of construction supply chain. When
encountering strong subcontractors, SS model appears, and
the general contractor should try to reduce fairness concern
of the subcontractor. At the policy level, the conclusions can
provide reference for the government to formulate carbon
emission limit and adjust carbon trading prices in the
construction industry and promote the implementation of
emission reduction policies. At the industry level, the
conclusions provide emission reduction management sug-
gestions for participants in the construction industry. Par-
ticipants can understand the optimal competition mode and
emission reduction intensity. 0e paper also provides ref-
erence on emission reduction incentives, which is helpful for
construction enterprises to carry out low-carbon transfor-
mation scientifically and efficiently.

7.2. Limitations and Suggestions for the Further Research.
In this paper, we study the emission reduction and revenue
distribution strategies of construction supply chain under
different decentralized models and get a series of innovative
research conclusions and management implications. 0e
conclusions of this paper can provide theoretical guidance
for the decision of emission reduction and emission re-
duction revenue distribution of construction supply chain
enterprises and provide micro theoretical basis and refer-
ence suggestions for the government’s emission reduction
policymaking. However, there are still some deficiencies in
this study, and there are still a series of problems worthy of
improvement and in-depth study. For one thing, the paper
studies emission reduction strategy and profit distribution of
construction supply chain considering fairness concern
under cap-and-trade. Supply chain members aim at their
own optimal profits and optimal emission reduction, ig-
noring the performance of the whole supply chain, which
may cause double marginalization. Yet, coordination
strategy can effectively reduce or even eliminate double
marginalization and improve supply chain performance.
0erefore, one future extension is to design a coordination
strategy of construction supply chain in consideration of
cap-and-trade and fairness concern, which is conducive to
improve the management efficiency and competitiveness of
enterprises. Furthermore, this paper mainly studies con-
struction supply chain emission reduction decision, only
considering the construction emission reduction target. In
the process of construction, three traditional goals of con-
struction cost, construction period, and quality need to be
considered. Combining the emission reduction objectives
with the three traditional objectives and studying the
emission reduction, cost, duration, and quality decision can
better reflect the characteristics of construction supply chain
and more fit the actual situation. 0erefore, combining the
three objectives will be another important research direction
of this paper. Last, the paper only studies emission reduction
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strategy and profit distribution of construction supply chain
with fairness concern of the subcontractor, and the con-
clusions are not comprehensive. No matter which party’s
fairness concern behavior has a great impact on the decision
of supply chain, therefore, the third important research
direction of this paper is studying the emission reduction
strategy and profit distribution of construction supply chain,
in which the contractor has fairness concern, and both
parties have fairness concern.
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