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Abstract

Fairness concern behavior is extremely common in social life, and many scholars are begin-

ning to pay attention to this behavior. In this study, we investigate a two-echelon construc-

tion supply chain that consists of a general contractor and a subcontractor under cap-and-

trade policy. We study the carbon emission reduction decisions and profit distribution mech-

anism in the construction supply chain with fairness concern and cap-and-trade. We use the

Nash bargaining model to describe the fairness concerns of the construction supply chain

members and use the co-opetition model to portray the profit distribution. We show that the

fairness concern can impose an adverse influence on firms’ profits and decrease the magni-

tude of their carbon emission reductions. The subcontractor’s fairness concern causes

greater losses to the construction supply chain’s profit. We further demonstrate the impact

of fairness concern on the optimal decisions of the general contractor and the subcontractor

through numerical analysis.

Introduction

In recent years, global warming has become increasingly serious and environmental problems

such as rising sea levels and frequent extreme weather caused by climate change have become

increasingly prominent. Many studies have shown that the large amount of carbon dioxide

and other greenhouse gas emissions are the main causes of global warming[1,2]. In 2018, the

total amount of global carbon emissions reached 31.1 billion tons[3], and China’s total amount

of carbon emissions reached 10 billion tons[4]. It is acknowledged that construction activity

greatly impacts on the environment. However, construction industry enterprises face many

problems, such as inefficiency, waste and pollution, due to the lack of scientific and effective

management[5,6]. Supply chain management provides a useful method for optimizing the

construction process[7]. From the perspective of construction supply chain management,

studying the operational decision-making of construction supply chain enterprises facing the

pressure to protect the environment has become a hot issue[8].
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To protect the environment, governments are seeking different solutions. Cap-and-trade

policy has become the most effective mechanism for curbing carbon emissions[9,10]. The pol-

icy achieves the goals of economic development and carbon emission reduction through both

government and market regulation. The main function of cap-and-trade is setting a certain

carbon emission cap to a single emission entity for a given period of time. With the promotion

of this policy, construction supply chain parties face many challenges. These parties are inde-

pendent economic entities and determine their own level of carbon emission reduction efforts

with the goal of maximizing their own profits. With the implementation of the cap-and-trade

policy, firms must determine their own emission reduction efforts and how to distribute bene-

fits between construction supply chain parties under complex decision constraints (capacity,

capital and policy). In a construction supply chain, reasonable allocation of carbon emission

reduction benefits is a key issue that needs to be addressed. A reasonable profit distribution

mechanism is an important way to coordinate the objectives of the supply chain parties and

motivate both parties to improve their level of carbon emission reduction efforts. In recent

years, many studies (Fehr and Schmidt(1999)[11]; Liu(2018)[12]; Du(2018)[13]; Pu(2019)

[14]) have found that many supply chain parties (such as the general contractor and the sub-

contractor) exhibit fairness concern in practice. They not only care about their own interests,

but also about the interests of other parties [15]. The general contractor (GC) and the subcon-

tractor (SC) also compare their status, income and other aspects. If a firm in the supply chain

feels that the profit distribution is unfair, they may reduce their efforts and even refuse the pro-

gram[16,17]. This behavior is defined as fairness concern[18]. On the one hand, existing stud-

ies on the decision-making of construction supply chain firms under the cap-and-trade policy

are limited; on the other hand, they also lack attention to the fairness concern behavior of the

construction supply chain firms. Therefore, this study will address the following questions to

fill this gap in the literature:

1. Under cap-and-trade policy, how can construction supply chain firms make carbon emis-

sion reduction decisions considering the fairness concern?

2. Under cap-and-trade policy, how can profit be distributed among the construction supply

chain firms considering the fairness concern so as to maximize the total profit of the con-

struction supply chain?

3. How does the fairness concern affect the decision of the GC and the SC?

To solve the problems above, this study combines the typical characteristics of low-carbon

construction under cap-and-trade policy (carbon emission reduction input can also allow

firms to obtain carbon emission reduction income) and introduces construction supply chain

management into construction project management. Based on the background above, this

study examines carbon emission reduction and profit distribution mechanism in a construc-

tion supply chain with fairness concern and cap-and-trade.

The remaining of this article is organized as follow. After a brief Literature review, we pres-

ent model descriptions and assumptions. In Base model section, we study the profit distribu-

tion mechanism and the GC’s and the SC’s carbon emission reduction decisions without

fairness concern. In Decision model with fairness concern section, the GC’s and the SC’s car-

bon emission reduction and the profit distribution ratio are obtained in the condition of con-

sidering the SC has fairness concern, the GC has fairness concern and both sides have fairness

concern respectively. In Numerical analysis section, we illustrate the impact of fairness con-

cern on firm’s decision-making and profits. Finally, we point out management recommenda-

tions and work that requires further research.
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Literature review

Based on the research content of this study, our work is related to following three streams of

literature. The first stream investigates operational decisions under cap-and-trade policy; the

second stream studies operational decisions considering fairness concern and the last stream

explores the incentive mechanism of construction supply chain.

Operational decisions under cap-and-trade policy

Some scholars have studied the decisions under the cap-and-trade policy from a single per-

spective (Wang(2017)[19]; Yang(2018)[20]). However, closely related to the research in this

study is the research on the operational decisions of supply chain firms based on the perspec-

tive of supply chain management. Research shows that the existence of the external carbon

trading market will change the structure of the supply chain to some extent[21]. Moreover,

studying carbon emissions from a supply chain perspective can not only achieve better carbon

emission reduction, but also create new value for supply chain firms[22]. Studies about deci-

sion-making in supply chain companies under cap-and-trade usually use the stackelberg

model. Du et al. (2013) focused on an emission-dependent supply chain consisting of a manu-

facture and a supplier, the study investigated their optimal decisions (product quantity and

emission permits pricing) in Stackelberg game[23]. Xu et al. (2018) focused on a Make-To-

Order supply chain consisting of a manufacturer and a retailer, construed a Stackelberg model

with the manufacture as a leader and studied the production and emission abatement deci-

sions of both sides under cap-and trade policy[24]. As object of their study, Xia et al. (2018)

took a dyadic supply chain in which a single manufacturer plays a Stackelberg game with a sin-

gle retailer and incorporated reciprocal preferences and consumers’ low-carbon awareness

(CLA)[25]. Wang et al. (2018) studied carbon emissions reduction with cap-and-trade policy

and consumers’ low-carbon preference in a dual-channel supply chain. The study examined

the pricing strategies and profits of the supply chain members by creating a Stackelberg game

model[26]. Some studies used the co-opetition game model. Luo et al. (2016) focused on two

competing manufactures under cap-and-trade, investigated the optimal pricing and green

technology investment in purely competition and co-opetition respectively[27]. Niu et al.

(2019) developed a co-opetition supply chain consisting of an original equipment manufac-

turer and a competitive contract manufacture, analyzed incentive alignment of the economic

and environmental sustainability in a co-opetition model[28].

The following literature studies the decision-making of construction industry enterprises

under cap-and-trade. Jiang et al. (2018) focused on a two echelon supply chain consisting of a

supplier and a prefabricated building manufacturer, constructed a stackelberg model and

obtained the optimal pricing and carbon emission decisions[29]. Jiang et al. (2019) focused on

the two-level construction supply chain composed of the GC and the SC and constructed the

profit distribution model of the construction supply chain under cap-and-trade policy and

obtained the optimal profit distribution ratio and the level of carbon emission reduction efforts

for both parties[30], this study considered three cases: the pure competition, the co-opetition

and the pure cooperation, compared the optimal decisions in three cases. On the basis of this

literature, our study pay attention to the fairness concern behavior, investigate the impact of

fairness concern on the decision-making in construction supply chain.

Operational decisions considering fairness concern

Fehr (1999) argued that people are willing to pay a high price to punish free riders in an agree-

ment because people have fairness concern[11]. Ho (2014) studied two cases of fairness con-

cern: when the retailer has fairness concern about the supplier and when the retailer has

Carbon emission reduction and profit distribution mechanism of CSC with fairness concern and cap-and-trade
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fairness concern about another retailer. The optimal wholesale price was studied for both cases

[31]. Zhou et al. (2016) considered a low-carbon supply chain channel with one manufacturer

and one retailer and designed advertising and carbon emission reduction cost sharing con-

tracts based on fairness concerns[32]. Jiang et al. (2017) discussed the initial allocation of car-

bon emission permits in various Chinese provinces and established the initial inter-provincial

carbon emission permit allocation model take into account fairness concerns[33]. Zhang and

Wang (2018) studied the impact of fairness concern on the coordination of a three-party sup-

ply chain and constructed a game model for a duopoly supply chain. The results showed that

the horizontal fairness of enterprises will have a direct impact on their own wholesale prices

and competitors’ prices and profits[34]. Chang and Hu (2018) constructed an incentive con-

tract model considering risk capital and analyzed the impact of fairness concern on the con-

tract design[35]. Li et al. (2018) focused on two-echelon supply chain with a fair-neutral

manufacturer and a fairness-concerned retailer and explored carbon emission reduction deci-

sions and prices[36].

The research on fairness concern mentioned above has not been introduced into a con-

struction supply chain. Studies of construction supply chain enterprises decision considering

fairness concern are as follows: Kadefors et al. (1999) studied the impact of fairness factors on

engineering projects. The research suggested that the owner should be as reasonable as possi-

ble when designing contracts to avoid contractors feeling that their contract is unfair[37].

Meng et al. (2018) considered the fairness concern of a construction project’s participants. The

study built an agent-based model on revenue sharing negotiation and further analyzed the

impact of fairness concern on the success rate of the negotiations[38]. An et al. (2018) investi-

gated a construction supply chain composed of owners and designers, established a profit dis-

tribution negotiation model considering fairness concern and analyzed the influence of

fairness concern on the optimal profit distribution[39]. Jiang and Yuan (2019) constructed a

profit distribution model that considers fairness concern and determined the optimal deci-

sions for the supply chain members[40]. The study incorporated fairness concern in the F-S

model and only considered an SC with fairness concern. On this basis, we improve the method

for incorporating fairness concern and adopt Nash bargaining model to describe the reference

point of the fairness concern. Further, we study the two parties’ optimal decisions in three situ-

ations: only the SC has fairness concern, only the GC has fairness concern, and both parties

have fairness concern.

On the other hand, most of the existing studies on fairness concern adopt the F-S model,

but this method does not consider the ability, contribution, and cognitive ability of both par-

ties[41]. Nash pioneered a new game method called the Nash Bargaining Model[42]. Bruyn

(2008) analyzed the impact of fairness concern on the bargaining behavior among supply

chain entities and found that the results of bargaining under fairness concern change signifi-

cantly[43]. Du et al. (2014) based on the Nash bargaining game model, incorporated fairness

concerns, and examined a dyadic supply chain in which both the supplier and the retailer. The

study assumed both sides have fairness concern and investigated a newsvendor problem of the

supply chain[41]. Li (2018) considered Nash bargaining power and fairness concerns, and

studies pricing and quality decisions[44].

Incentive mechanism of the construction supply chain

To achieve goal optimization, a bonus incentive is one of the commonly used methods in con-

struction supply chain[45–47]. Berends et al. (2000) proposed a type of cost-plus-incentive fee

contract to share the cost risk and conducted eight case studies to prove its feasibility[48]. Bub-

shait et al. (2003) indicated that the owner can induce the initiative to control the factors

Carbon emission reduction and profit distribution mechanism of CSC with fairness concern and cap-and-trade
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affecting the construction cost, duration and productivity of the project by signing an incentive

contract with the contractor[49]. As the main agents in the project, the GC and SC play a very

important role in the success of the project. Shr and Chen (2004) established a construction

determine incentive model for the highway construction project and obtained the optimal

incentive amount for the owner to pay the contractor[50]. Fan et al. (2018) designed an incen-

tive plan for green buildings and analyzed the impact of transaction costs on green building

performance[51]. Chan et al. (2008) studied the Hong Kong subway construction project and

found that the contract with the total price processing period bonus can significantly improve

the project performance[52]. Jiang et al. (2010) designed a reasonable bonus incentive contract

for the optimization of highway project duration and further determined the optimal bench-

mark for a construction period reward[53]. Meng and Gallagher (2012) studied the impact of

bonus incentive contracts on construction goals in UK and Irish construction projects. The

combination of incentives and penalties can be used not only for cost targets, but also for time,

quality and environmental targets[54]. Hosseinian and Carmichael (2013) established an

bonus incentive model for the owner and contractor based on different risk preferences and

extended it to multi-target (time, cost and safety) bonus incentive models in non-cooperative

situations[55]. Kerkhove and Vanhoucke (2017) developed a multi-objective of cost, duration,

safety and built a decision-making system that included incentive contract design, multi-objec-

tive trade-offs and performance assessment[56]. Shi et al. (2018) based on a mega prefabricated

construction and built an incentive model with reputational concerns[57].

The studies above lay a good foundation for the construction of carbon emission reduction

incentive contract model. However, most of the existing research on the incentive mechanism

of the construction supply chain bonus focuses on the application of bonus incentives to the

optimization of the duration and quality and on the lack of reducing emissions.

Model descriptions and assumptions

This study investigates carbon emission reduction and a profit distribution mechanism for a

construction supply chain consisting of a GC and SC. The owner and the GC sign a fixed total

price plus bonus contract, and the GC also signs a fixed total price plus bonus contract with

the SC. First, the GC and SC will determine the profit distribution ratio during the contract

negotiation process. Then, according to this ratio, the two parties will determine their own car-

bon emission reduction efforts with the goal of maximizing their profits. The study takes into

account cap-and-trade policy. The government regulates the carbon emissions cap per unit of

area of the structure. If this cap is exceeded, the firm needs to purchase carbon credits in the

carbon trading market. If there is surplus, the firm can sell the remaining carbon emission

rights[58].

In practice, the negotiation power of the GC is usually stronger than that of the SC. There-

fore, the traditional profit distribution model is often dominated by the GC, the GC decides

the profit distribution ratio with the goal of maximizing profit. The SC only has the right to

accept or waive the agreement. This model will decrease the SC’s motivation. This problem

has been notices in the existing research and a co-opetition model has been proposed, which

proves that the performance of both parties will be better than in the pure competition model

[30]. The co-opetition model allows the two parties to determine the profit distribution ratio

with the goal of maximizing the profit of the supply chain and then to determine their own

efforts according to the goal of maximizing their own profits. This is in line with the actual

contract negotiation procedure between the parties. Therefore, this study also uses the co-ope-

tition model. To describe our model, we use the notations presented in Table 1.

In addition, the assumptions in this study are as follows.

Carbon emission reduction and profit distribution mechanism of CSC with fairness concern and cap-and-trade
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1. GC/SC’s carbon emission reduction cost is tie2
i , i = 1,2. This assumption means that the

GC/SC’s carbon emission reduction cost is a quadratic function of ei. This setting is popular

in the literature[59,60].

2. To represent the actual situation in the construction industry and to facilitate calculation,

the government’s carbon emission allowance is calculated based on the carbon emissions

per unit area. We assumed that the government-defined carbon emission cap is es. The ini-

tial carbon emission per unit construction area is e0. The carbon emission trading quantity

of the unit construction area that needs to be traded is E0 = e0 − e1 − e2 − es. Carbon trading

gains/costs for the supply chain after production are given by skE0. When E0 > 0, this indi-

cates that the contractor’s carbon emission reduction cannot meet the cap and it is neces-

sary to purchase carbon emission rights in the external trading market. When E0 < 0, this

means that the contractor’s carbon emission reduction not only meets the cap, but also has

a remainder which can be sold.

3. P1 > P2, the GC’s fixed price portion is higher than that of the SC. This is consistent with

what is true in practice.

4. In the variable representation above, subscripts 1, 2 represent the GC and SC respectively.

sc represents the construction supply chain. The first letter of the superscript indicates

whether the GC has fairness concern and the second letter indicates whether the SC has

Table 1. Notations of parameters and variables.

Decision

variables

Descriptions

λ Distribution ratio of emission reduction bonuses

ei Unit carbon emission reduction of the GC/SC respectively, i = 1,2.

Parameters

Pi Fixed price portion of enterprise i, i = 1,2. The values 1 and 2 represent the GC and the SC,

respectively.

μ GC bonus coefficient obtained by the owner.

s Construction area.

c1i Traditional construction cost for GC/SC before the carbon emission reduction input, i = 1,2.

c1 Total cost of construction supply chain before the carbon emission reduction input, c1 = c11 +

c12.

e0 Initial unit carbon emissions of GC/SC.

es Carbon emission cap.

E0 Carbon trading volume in the carbon trading market.

ti Carbon emission reduction cost coefficient of the GC/SC, i = 1,2.

k Unit carbon emission price in the carbon trading market.

γi Fairness concern coefficient of GC/ SC, i = 1,2.

A k + μ
B k(e0 − es)
C 2 + γ1 + γ2

ui 2 + γi, i = 1,2

v12
A

2u1 t2

v21
A

2u2 t1

M 2þg1u2 � g
2
2

C

N 2þg2u1 � g1
2

C

https://doi.org/10.1371/journal.pone.0224153.t001
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fairness concern, where f stands for fairness concern, n stands for fair-neutral. For example,

nf stands for the GC is fair-neutral and the SC is fairness concern.

Base model

In this section, the GC and SC do not consider fairness concern, which means that both parties

are fair-neutral. This section is the base model of this study.

The GC’s profit function is:

Π 1ðl; e1Þ ¼ P1 � P2 þ l½msðe1 þ e2Þ � skE0� � st1e
2

1
� c11 ð1Þ

The SC’s profit function is:

Π2ðl; e2Þ ¼ P2 þ ð1 � lÞ½msðe1 þ e2Þ � skE0� � st2e
2

2
� c12 ð2Þ

The construction supply chain’s profit function is:

Π scðe1; e2Þ ¼ Π 1ðl; e1Þ þΠ 2ðl; e2Þ ¼ P1 þ msðe1 þ e2Þ � skE0 � st1e
2

1
� st2e

2

2
� c1 ð3Þ

The GC’s decision problem is to decide the optimal carbon emission reduction and maxi-

mize his profitP1(λ, e1). Therefore, the GC’s decision problem is:

maxΠnn
1
ðl; e1Þ ð4Þ

s:t: e0 � e1 � e2 ¼ E0 þ es ð5Þ

Similarly, the SC’s decision problem is:

maxΠnn
2
ðl; e2Þ ð6Þ

Proposition 1. In this section, the GC’s carbon emissions reduction under cap-and-trade

is:

enn
1
lð Þ ¼

l

2t1
A ð7Þ

The SC’s carbon emissions reduction under cap-and-trade is:

enn
2
lð Þ ¼

1 � l

2t2
A ð8Þ

Proof. From Eqs (1) and (2),
@Πnn

1
ðl;e1Þ

@e1
¼ � 2st1e1 þ Als, @Π

nn
2
ðl;e2Þ

@e2
¼ � 2st2e2 þ As l � 1ð Þ can

be got and
@2Πnn

1
ðl;e1Þ

@e2
1

¼ � 2st1 < 0,
@2Πnn

2
ðl;e2Þ

@e2
2

¼ � 2st2 < 0. Let
@Πnn

1
ðl;e1Þ

@e1
¼ 0,

@Πnn
2
ðl;e2Þ

@e2
¼ 0.

enn
1
lð Þ ¼ l

2t1
A, enn

2
lð Þ ¼ 1� l

2t2
A can be obtained.

@enn
1
ðlÞ

@k ¼
l

2t1
> 0,

@enn
2
ðlÞ

@k ¼
1� l

2t2
> 0. This completes

the proof.

Proposition 1 shows that the unit carbon emissions reduction of the GC and the SC is

closely related to the distribution ratio (λ). The GC’s carbon emission reduction is propor-

tional to λ and the SC’s carbon emission reduction is inversely proportional to λ.

Proposition 2. In this section, the optimal profit distribution ratio under cap-and-trade is

l
nn
¼

t2
t1þt2

.

Carbon emission reduction and profit distribution mechanism of CSC with fairness concern and cap-and-trade
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Proof. Substitute Eqs (7) and (8) into (1). Then we can get
@Πnn

sc ðlÞ

@l
¼ m2s

2t1
� m2s

2t2
�

2msðlmþkÞ
4t1
þ

2ms½ð1� lÞmþk�
4t2

þ mks
2t1
� mks

2t2
,
@2Πnn

sc ðlÞ

@l2 ¼ � 2m2s
4t1
� 2m2s

4t2
< 0, that is,Psc(λ) is concave in λ. Let

@Πnn
sc ðlÞ

@l
¼ 0,

then l
nn
¼

t2
t1þt2

. This completes the proof.

We use co-opetition model to describe the profit distribution model of both parties. Propo-

sition 2 shows that λnn is only related to ti. The higher t2, that is, the lower the efficiency of SC’s

research and development, the lower the profit from SC. Therefore, if SC wants to achieve

higher profits, it must improve R&D efficiency.

Decision model with fairness concern

In this section, we formulate the models with that three different types of fairness concerns:

the SC has fairness concern (nf), the GC has fairness concern (fn) and both sides have fairness

concern (ff).

Decision model when the SC has fairness concern

This section considers the case where the SC has fairness concern and the GC is fair-neutral,

that is γ1 = 0 and γ2 > 0. This study improves the traditional fairness reference framework by

constructing the Nash bargaining model. This is a new perspective for representing fairness

concern in a construction supply chain. The utility of firms with fairness concern depends on

the benefits realized and the fairness reference point. For simplicity and practicality, a linear

form is used for the utility of each member in the construction supply chain as follows. Because

the GC is fair-neutral, so the utility function of the GC is:

Unf
1 ðl; e1Þ ¼ Π 1 ð9Þ

The utility function of the SC is:

Unf
2 ðl; e2Þ ¼ Π2 þ g2ðΠ2 �

�Π 2Þ ¼ ð1þ g2ÞΠ2 � g2
�Π 2 ð10Þ

The utility function of the construction supply chain is:

Unf
sc ðe1; e2Þ ¼ Unf

1 ðl; e1Þ þ Unf
2 ðl; e2Þ ð11Þ

According to the definition of a Nash bargaining game, the Nash solution is the following

model.

Unf
p ¼ Unf

1 Unf
2 ¼ Π 1½ð1þ g2ÞΠ 2 � g2

�Π 2� ð12Þ

maxUnf
p ð13Þ

s:t:Π 1 þΠ 2 ¼ Π sc ð14Þ

Unf
1 ;U

nf
2 > 0 ð15Þ

The SC’s fairness reference solution is:

�Π nf
2 ¼

1þ g2

2þ g2

Π sc ð16Þ

Carbon emission reduction and profit distribution mechanism of CSC with fairness concern and cap-and-trade

PLOS ONE | https://doi.org/10.1371/journal.pone.0224153 October 29, 2019 8 / 23

https://doi.org/10.1371/journal.pone.0224153


Therefore, the SC’s utility function is:

Unf
2 l; e2ð Þ ¼ 1þ g2ð ÞΠ 2 �

g2ð1þ g2Þ

2þ g2

Π sc ¼
2þ 2g2

u2

Π 2 �
g2 þ g

2
2

u2

Π 1 ð17Þ

The utility function of the construction supply chain is:

Unf
sc e1; e2ð Þ ¼

2þ 2g2

u2

Π2 þ
2 � g2

2

u2

Π1 ð18Þ

The GC’s decision problem is:

max Unf
1 ðl; e1Þ ð19Þ

s:t: e0 � e1 � e2 ¼ E0 þ es ð20Þ

The SC’s decision problem is:

maxUnf
2 ðl; e2Þ ð21Þ

Proposition 3. When the SC has fairness concern, the GC’s carbon emissions reduction is:

enf1 lð Þ ¼
l

2t1
A ð22Þ

The SC’s carbon emissions reduction is:

enf2 lð Þ ¼
½2ð1 � lÞ � lg2�

4t2
A ð23Þ

Proof. From Eq (6),
@Unf

1
ðl;e1Þ
@e1

¼ s � 2e1t1 þ Al½ �. Let
@Unf

1
ðl;e1Þ
@e1

¼ 0, we can get enf1 lð Þ ¼ Al
2t1

.

From Eq (7),
@Unf

2
ðl;e2Þ
@e2

¼
� sð1þg2Þ½4e2t2þAg2lþ2Aðl� 1Þ�

u2
. Let

@Unf
2
ðl;e2Þ
@e2

¼ 0, we can get enf2 lð Þ ¼
½2ð1� lÞ� lg2 �

4t2
A.

@enf
1
ðlÞ

@l
¼ A

2t1
> 0,

@enf
2
ðlÞ

@l
¼
� Að2þg2Þ

4t2
< 0,

@enf
2
ðlÞ

@g2
¼ � Al

4t2
< 0. This completes the proof.

From this proposition, it can be concluded that the GC’s carbon emission reduction

increases with the increase of the distribution ratio (λ). The SC’s carbon emission reduction

decrease as the distribution ratio increases, it also decreases as the fairness concern coefficient

(γ2) increases.

Proposition 4. When the SC is fairness concern, the optimal profit distribution ratio is

l
nf
¼

2A2 ½2t2ð1þg2Þ� u2t1g2 �þ4Bu2t1t2g2
A2 ½� t1ðg32þ3g2

2
� 4�þ2t2ðg22þ4g2þ2Þ

.

Proof. Substitute enf1 ðlÞ and enf2 ðlÞ into (2) and (3) respectively, we can getΠnf
1 ðl; e

nf
1 Þ and

Πnf
2 ðl; e

nf
2 Þ. Then substituteΠnf

1 ðl; e
nf
1 Þ andΠnf

2 ðl; e
nf
2 Þ into (8). Let

@Unf
sc ðe1 ;e2Þ
@l

¼ 0, then we can

get the result. This completes the proof.

From Proposition 4, we can obtain the optimal profit distribution ratio of the two parties in

this case. We can see that the distribution ratio is closely related to the SC’s fairness concern

coefficient (γ2) and to the carbon emission reduction cost coefficient (ti).

Decision model when the GC has fairness concern

Most traditional studies are based on the Stackelberg game, and the GC usually is usually the

leader. The leader side tends to be in a favorable position and will not make decisions that are

detrimental to himself, so he does not have fairness concern. However, this study is based on
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the co-opetition model, which studies the situation where the position difference between the

two parties is small and both parties have the right to speak. Furthermore, this study represents

the fairness concern using the Nash bargaining theory. The fairness reference point is the

Nash bargaining equilibrium point, not the profit of the other parties. Both parties will per-

ceive unfairness if a difference exists between their own utility and the Nash reference point,

which is irrelevant with both parties’ status. Therefore, this section considers that the GC has

fairness concern, that is γ1 > 0 and γ2 = 0.

The utility function of the GC is:

Ufn
1 ðl; e1Þ ¼ Π 1 þ g1ðΠ 1 �

�Π 1Þ ¼ ð1þ g1ÞΠ 1 � g1
�Π 1 ð24Þ

The utility function of the SC is:

Ufn
2 ðl; e2Þ ¼ Π2 ð25Þ

The utility function of the construction supply chain is:

Ufn
sc ðe1; e2Þ ¼ Ufn

1 ðl; e1Þ þ Ufn
2 ðl; e2Þ ð26Þ

According to the definition of a Nash bargaining game, the Nash solution is the solution of

the following model.

Ufn
p ¼ Ufn

1 ðl; e1ÞU
fn
2 ðl; e2Þ ¼ Π 2½ð1þ g1ÞΠ 1 � g1

�Π 1� ð27Þ

maxUfn
p ð28Þ

s:t:Π 1 þΠ 2 ¼ Π sc ð29Þ

Ufn
1 ;U

fn
2 > 0 ð30Þ

The GC’s fair reference solution is:

�Π fn
1 ¼

1þ g1

2þ g1

Π sc ð31Þ

In this case, the GC’s utility function is:

Ufn
1 l; e1ð Þ ¼ 1þ g1ð ÞΠ1 �

g1ð1þ g1Þ

2þ g1

Π sc ¼
2þ 2g1

u1

Π1 �
g1 þ g

2
1

u1

Π2 ð32Þ

The utility function of the construction supply chain is:

Ufn
sc e1; e2ð Þ ¼

2þ 2g1

u1

Π 1 þ
2 � g2

1

u1

Π 2 ð33Þ

The GC’s decision problem is:

max Ufn
1 ðl; e1Þ ð34Þ

s:t: e0 � e1 � e2 ¼ E0 þ es ð35Þ
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The SC’s decision problem is:

max Ufn
2 ðl; e2Þ ð36Þ

Proposition 5. When the GC has fairness concern, the GC’s carbon emissions reduction is:

efn1 lð Þ ¼
u1l � g1

4t1
A ð37Þ

The SC’s carbon emissions reduction is:

efn2 lð Þ ¼
1 � l

2t2
A ð38Þ

Proof: From Eqs (8) and (9), Let
@U1ðl;e1Þ

@e1
¼ 0,

@U1ðl;e1Þ
@e1
¼

sð1þg1Þð� 4e1t1þAg1ðl� 1Þþ2AlÞ
2þg1

¼ 0. So

efn1 lð Þ ¼
Aðu1l� g1Þ

4t1
. Let

@U2ðl;e2Þ
@e2
¼ 0,

@U2ðl;e2Þ
@e2
¼ � s 2Ae2t2ðl � 1Þ½ � ¼ 0, so efn2 lð Þ ¼ 1� l

2t2
A. We can

get
@efn

1
ðlÞ

@l
¼

2þg1
4t1

A > 0,
@efn

1
ðlÞ

@g1
¼ l� 1

4t1
A < 0,

@efn
2
ðlÞ

@l
¼ � A

2t1
< 0. This completes the proof.

The GC’s carbon emission reduction is directly proportional to the distribution ratio (λ)

and the SC’s carbon emission reduction is inversely proportional to λ. As the level of the GC’s

fairness concern increases, his carbon emission reductions decrease.

Proposition 6: When the GC has fairness concern, the optimal profit distribution ratio is

l
fn
¼

A2 ½2u1t1g1þu1t2ð� g21þg1þ2Þ�� 4Bu1t1t2g1
A2 ½2t1ðg21þ4g1þ2Þþu2

1
t2ð1� g1Þ�

.

Proof: Substitute (37) and (38) into (1) and (2) respectively, we can getΠ fn
1 ðl; e

nf
1 Þ and

Π fn
2 ðl; e

nf
2 Þ. Then substituteΠ fn

1 ðl; e
nf
1 Þ andΠ fn

2 ðl; e
nf
2 Þ into (11). Let

@Ufn
sc ðe1 ;e2Þ
@l

¼ 0, then we can

get the result. This completes the proof.

From Proposition 6, we can obtain the optimal profit distribution ratio of the two parties in

this case. We can see that the distribution ratio is closely related to the GC’s fairness concern

coefficient (γ1) and the carbon emission reduction cost coefficient (ti).

Decision model when both sides have fairness concern

The section will further study the profit distribution of the construction supply chain based on

the assumption that both the GC and SC have fairness concern.

The utility function of the GC is:

Uff
1 ðl; e1Þ ¼ Π 1 þ g1ðΠ1 �

�Π 1Þ ¼ ð1þ g1ÞΠ1 � g1
�Π 1 ð39Þ

The utility function of the SC is:

Uff
2 ðl; e2Þ ¼ Π 2 þ g2ðΠ2 �

�Π 2Þ ¼ ð1þ g2ÞΠ2 � g2
�Π 2 ð40Þ

The utility function of the construction supply chain is:

USCðe1; e2Þ ¼ U1ðl; e1Þ þ U2ðl; e2Þ ð41Þ

γ1 and γ2 represent the fairness concern coefficient of the GC and SC respectively, reflecting

the degree of emphasis on fairness of each by party, with γ1� 0 and γ2� 0. �Π 1 and �Π 2 are the

fairness reference point, clearlyP1 +P2 =Psc and �Π 1 þ
�Π 2 ¼ Π sc.
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According to the definition of Nash bargaining game, the Nash solution is the solution of

the following model:

Uff
p ¼ Uff

1 U
ff
2 ¼ ½ð1þ g1ÞΠ 1 � g1

�Π 1�½ð1þ g2ÞðΠ sc � Π1Þ � g2ðΠ sc �
�Π 1Þ� ð42Þ

maxUff
p ð43Þ

s:t:Π 1 þΠ 2 ¼ Π sc ð44Þ

Uff
1 ;U

ff
2 > 0 ð45Þ

We can obtain the benchmark for the GC as [41, 42]:

�Π ff
1 ¼

1þ g1

2þ g1 þ g2

Π sc ¼
1þ g1

C
Π sc ð46Þ

The benchmark for the SC is

�Π ff
2 ¼

1þ g2

2þ g1 þ g2

Π sc ¼
1þ g2

C
Π sc ð47Þ

In this case, the utility function of the GC is:

Uff
1 l; e1ð Þ ¼ 1þ g1ð ÞΠ 1 � g1

1þ g1

2þ g1 þ g2

Π sc

� �

¼
ð1þ g1Þðu2Π1 � g1Π2Þ

C
ð48Þ

The utility function of the SC is:

Uff
2 l; e2ð Þ ¼ 1þ g2ð ÞΠ 2 � g2

1þ g2

2þ g1 þ g2

Π sc

� �

¼
ð1þ g2Þðu1Π2 � g2Π1Þ

C
ð49Þ

The utility function of the construction supply chain is:

Uff
sc ¼ Uff

1 ðl; e1Þ þ Uff
2 ðl; e2Þ ¼ MΠ 1 þ NΠ 2 ð50Þ

The GC’s decision problem is:

max Uff
1 ðl; e1Þ ð51Þ

s:t: e0 � e1 � e2 ¼ E0 þ es ð52Þ

The SC’s decision problem is:

max Uff
2 ðl; e2Þ ð53Þ

Proposition 7: When both sides have fairness concern, the GC’s carbon emissions reduc-

tion is:

eff1 ¼ v21ðCl � g1Þ ð54Þ

The SC’s carbon emissions reduction is:

eff2 ¼ v12½u1ð1 � lÞ � lg2� ð55Þ
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Proof: From Eqs (10) and (11), we can get
@Uff

1
ðl;e1Þ
@e1

¼
� sð1þg1Þfu2 ½2t1e1 � Al�þAg1ð1� lÞg

C and

@Uff
2
ðl;e2Þ
@e2

¼
� sð1þg2Þfu1 ½2t2e2� Að1� lÞ�þAg2lg

C . Let
@Uff

1
ðl;e1Þ
@e1

¼ 0 and
@Uff

2
ðl;e2Þ
@e2

¼ 0, we can obtain

eff1 ¼ v21ðCl � g1Þ, e
ff
2 ¼ v12½u1ð1 � lÞ � lg2�.

@eff
1

@l
¼ Cv21 > 0,

@eff
2

@l
¼ � v12 u1 þ g2ð Þ < 0. We

can get the result.

From Proposition 7, we can obtain the optimal carbon emission reductions for both parties

in this situation. It can be seen that the GC’s carbon emission reduction is proportional to λ
and that of the SC is inversely proportional to λ.

Proposition 8: When both sides have fairness concern, the optimal profit distribution ratio

is l
ff
¼

2Ct1ðNu1v2
12
� Mv2

21
g1Þþ½Aðv21g1 � u1v12ÞþB�ðN� MÞþACNðv21 � v12Þ

2C2ðMt1v2
21
þNt2v2

12
Þþ2ACðN� MÞðv21� v12Þ

Proof: The solution process is similar to Proposition 6. Substitute eff1 ðlÞ and eff2 ðlÞ into (1)

and (2) respectively, we can getΠ ff
1 ðl; e

ff
1 Þ andΠ ff

2 ðl; e
ff
2 Þ. Then substituteΠ ff

1 ðl; e
ff
1 Þ and

Π ff
2 ðl; e

ff
2 Þ into (14). Let

@Uff
sc ðe1 ;e2Þ
@l

¼ 0, then we can get the result.

From Proposition 8, we can obtain the optimal profit distribution ratio of the two parties in

this case. We can see that the distribution ratio is closely related to the fairness concern coeffi-

cient of the GC/SC (γi) and the carbon emission reduction cost coefficient (ti).

Numerical analysis

A numerical analysis of the construction supply chain is presented here to illustrate how the

fairness concern affects the GC’s and SC’s decisions. The support data for this section is saved

in S1 File.

In this section, numerical analysis is provided to examine the impact of the fairness concern

on firms’ operation decisions. More specifically, we discuss the impact of the GC’s and SCs’

fairness concern coefficients (γ1 and γ2, respectively) on the maximum profits of the GC, the

SC, and the supply chain. We set e0 = 9, es = 7, t1 = 6, t2 = 8, k = 30, μ = 5, P1 = 3200000, P2 =

1200000, s = 1000, C11 = 1500000, C12 = 1000000.

Impact of SC’s fairness concern on optimal decisions and profits

To observe the change in the optimal decisions and profits as the degree of the SC’s fairness

concern increases, we set γ2 2 [0,2].

Fig 1 indicates the impact of γ2 on the unit carbon emission reduction. Fig 1(a) presents the

trend in the GC’s carbon emission reduction. The figure shows that as γ2 increases, the GC’s

carbon emission reduction first decrease and then increases. Fig 1(b) presents the trend in the

SC’s carbon emission reduction. The figure shows that, as γ2 increases, the SC’s carbon emis-

sion reduction decreases. Because the game model used in this study is the co-opetition model,

the two sides first make a decision by maximizing their own utility and then allocate a

Fig 1. Impact of γ2 on the unit carbon emission reduction.

https://doi.org/10.1371/journal.pone.0224153.g001
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proportion to the overall profit of the supply chain. When the SC has fairness concern, his

own utility will decrease, so the emission reduction will also decrease, and GC’s emission

reduction is positively correlated with λ. When the SC has fairness concern, the GC’s bonus

shares will decrease, so the GC’s emission reduction will first decrease until it reaches the low-

est point in the figure, it is the minimum amount that the GC can tolerate. When γ2 increases

further, the GC has to pay an additional reduction cost to avoid high transaction costs in the

external market. It can be seen that in the co-opetition mode, the GC needs to find an SC with

a low or zero fairness concern. Fig 1(c) is a trend graph of the total carbon emission reductions

of the construction supply chain. It shows that, when the SC has fairness concern, the total car-

bon emission reductions of the supply chain decrease. In summary, the SC’s fairness concern

will affect the performance of the supply chain’s carbon emission reduction, which will hinder

the expansion of carbon emission reduction in the construction industry.

Fig 2 shows the impact of γ2 on the distribution ratio (λ). The GC’s bonus ratio is λ and that

of the SC is 1 − λ. Therefore, it can be concluded from the figure that SC with fairness concern

will receive a larger share of the bonus. However, when the degree of fairness is too large, it

can be seen in the figure that γ2 > 1, and the SC’s shares obtained by the SC will begin to

decrease. This is because the GC can initially tolerate the SC’s fairness concern and will meet

the SC’s requirements. However, when the SC’s degree of fairness is too high, the GC will only

pursue his own interests.

Fig 3 shows the impact of γ2 on profits. Fig 3(a), 3(b) and 3(c) indicate that the SC’s fairness

concern will damage both sides’ profits and will also damage the overall profit of the supply

Fig 2. Impact of γ2 on λ.

https://doi.org/10.1371/journal.pone.0224153.g002
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chain. This trend is due to the fact that in the model description of this study, the owner’s car-

bon emission reduction incentives are linearly related to the supply chain’s carbon emission

reductions. The carbon emission reduction incentives given by the GC to the SC are also line-

arly related to the SC’s carbon emission reduction. Therefore, when both the supply chain’s

carbon emission reductions are decrease in magnitude, both parties’ carbon emission reduc-

tion bonuses are reduced, which ultimately leads to lower profits. Fig 3(d) is a loss trend graph

of the profit of each party. It can be seen from the figure that the GC’s profit loss is higher than

that of the SC with considering the fairness concern of the SC. It can be seen that the SC’s fair-

ness concern will harm the interests of both parties. In summary, the SC’s fairness concern can

damage the profit of the supply chain. Even if the SC can obtain a higher profit share for a cer-

tain degree of fairness, both parties’ profits will still be damaged.

Impact of GC’s fairness concern on optimal decisions and profits

To observe the change in profit as the degree of the GC’s fairness concern increases, we set

γ1 2 [0,2].

Fig 4 shows the impact of γ1 on carbon emission reductions. Fig 4(a) shows that when γ1

increases, the GC’s carbon emission reductions will decrease. Fig 4(b) shows that, as γ1

increases, the SC’s carbon emission reductions first decline and then increase. Fig 4(c) shows

that when γ1 increases, the total carbon emission reductions of the supply chain decrease. In

summary, the fairness of the GC will also affect the carbon emission reduction performance of

the construction supply chain.

Fig 5 shows the impact of γ1 on the distribution ratio (λ). As γ1 increases, λfn first rises and

then falls. When γ1 is close to 2, the GC’s profit share will be less than what it would be without

fairness concerns. As can be seen from the figure, the GC’s share is always higher than the

SC’s, and rises up to 0.67. This shows that, although the GC has certain advantages, these will

Fig 3. Impact of γ2 on the profits.

https://doi.org/10.1371/journal.pone.0224153.g003
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not be too large. This is because the ratio of bonuses allocated to the two parties aims to maxi-

mize the profit of the supply chain, and there is no case where the SC’s share is extremely small

when the GC pays too much attention to the fairness concern. Therefore, as an SC is often the

weaker party, using co-opetition to negotiate can maximize his own profits.

Fig 6 shows the impact of γ1 on profits. Fig 6(a), 6(b) and 6(c) indicate that γ1 results in

damages for both parties and the supply chain. Fig 6(c) shows that the SC’s losses are greater

than the GC’s if the GC has fairness concern. It is worth noting that when γ1 rises from 0 to 2,

the supply chain profit falls from 706534.9 to 671804 and the profit loss is 37430.9. When γ2

rises from 0 to 2, the supply chain profit drops from 706214.3 to 667750.6 and the profit loss is

38463.7. It can be seen that the SC’s fairness concern has a greater impact on the supply chain’s

profit.

Fig 4. Impact of γ1 on the unit carbon emission reduction.

https://doi.org/10.1371/journal.pone.0224153.g004

Fig 5. Impact of γ1 on λ.

https://doi.org/10.1371/journal.pone.0224153.g005
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Impact of both sides’ fairness concern on optimal decisions and profits

To observe the change in profit when the degree of both sides’ fairness concern is increasing

simultaneously, we set γ1 2 [0,2], γ2 2 [0,2].

Fig 7 shows a comparison between the carbon reduction when no fairness concerns exist,

and when fairness concerns exist in both parties. Fig 7(a) shows the impact of both parties’

fairness concern on the GC’s carbon emission reductions. As the level of the SC’s fairness con-

cern increases, the GC’s carbon emission reduction first decreases and then slightly increases.

As the level of the GC’s fairness concern increases, his carbon emission reductions decrease.

Fig 7(a) shows the impact of both parties’ fairness concern on the GC’s carbon emission reduc-

tions. Fig 7(b) shows that the impact of both parties’ fairness concern on the SC’s carbon

Fig 6. Impact of γ1 on the profits.

https://doi.org/10.1371/journal.pone.0224153.g006

Fig 7. Impact of the both sides’ fairness concern on the unit carbon emission reduction.

https://doi.org/10.1371/journal.pone.0224153.g007
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emission reductions. The fairness concern will reduce both parties’ carbon emission reduc-

tions. As the level of SCs’ fairness concern increases, the SC’s carbon emission reduction

decrease, and are even lower than those without a low-carbon input. As the level of γ1

increases, the SC’s emission reduction will first decrease and then increase. This is different

from the conclusion in the literature (Zhang et al.(2019)[61]), namely that the follower’s fair-

ness concern do not affect the carbon emissions of the product. This is because that study

examined a situation in which the status of the two sides is very different, and the Stackelberg

game is used. Further, the market demand in that study was related to low carbon. We adopt

the co-opetition game, which is applicable to the situation where the status of the two parties is

not very different. The two parties aim to maximizing the profit of the supply chain, and both

parties have the right to negotiate. In this case, the fairness concern in either party will affect

the emission reductions and profits of both parties.

Fig 8 presents the trend in λ when considering the degree of fairness concern of both parties

simultaneously. From the figure we can see that, when the two parties have the same degree of

fairness concern, the distribution ratio is the same as in the base model. When a party has a

high level of fairness, it will obtain a higher share, in the range [0.5, 0.68], and there will be no

extreme values. This shows that, in a co-opetition game, there is fairness concern, but

Fig 8. Impact of the both sides’ fairness concern on λ.

https://doi.org/10.1371/journal.pone.0224153.g008
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distribution ratio is relatively reasonable, and there will be no situation where one party has

full advantage over the other.

Fig 9 shows a comparison of the profits when no fairness concern exists, and when fairness

concerns exists in both parties. From Fig 9(a) and 9(b), as the level of fairness of the two par-

ties increases, their profits decrease. From Fig 9(c), as the level of fairness of the two parties

increase, the overall profit of the construction supply chain also decreases. This shows that

fairness concern can hurt the profits of both parties.

Conclusions and future research

China is vigorously promoting cap-and-trade policy and accelerating the improvement of the

carbon emission trading market. As construction is one of the highly polluting industries, it is

necessary to study the decisions in a construction supply chain under cap-and-trade. Fairness

concern behavior has also begun to be of interest. In this study, a two-echelon construction

supply chain comprising a GC and an SC is considered. The utility functions considering the

fairness concern in the construction supply chain are formulate by using the Nash bargaining

solution. Then, the profit distribution model for both parties is constructed in three cases: only

the SC has fairness concern, only the GC has fairness concern, and both parties have fairness

concern. The optimal carbon emission reduction decisions and the optimal profit distribution

ratio of the two parties in the three cases are obtained. The impact of fairness concern on car-

bon emission reductions and profit is also examined.

Managerial implications

Our study has three main managerial implications. First, when the GC and SC are fair-neutral,

carbon emission reductions are closely related to the R&D cost efficiency (ti) of the two parties

and the owner’s bonus factor. In order to obtain higher bonuses, the GC and SC should

Fig 9. Impact of the both sides’ fairness concern on profit.

https://doi.org/10.1371/journal.pone.0224153.g009
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improve their carbon emission reduction efficiency; if the owner pursues a “greener” building,

the coefficient of the bonus should moderately increase. Second, it is concluded that fairness

concern behavior can seriously affect supply chain performance. If the owner offers carbon

emission reduction bonuses, this will encourage the GC and SC to increase their carbon emis-

sion reduction efforts, but when supply chain firms have fairness concern, because of the gap

between the actual profits they receive and their reference points, the motivation for reducing

emissions will ultimately decrease. The profits of the individual firms and the overall supply

chain are both damaged. Third, based on the numerical analysis, we can conclude that the SC’s

fairness concern has a greater negative impact on supply chain performance. Therefore, when

selecting the SC, the GC should try to choose a fair-neutral SC, or take some measures to

reduce the SC’s level of fairness. This study is based on the co-opetition game. We find that the

co-opetition game is beneficial to the weaker side.

Limitations and future research

This study considers the impact of fairness concern on the carbon emission reduction and

profit distribution of the construction supply chain under cap-and-trade policy and enriches

the literature on the construction supply chain. It would be interesting to extend our study to

examine the influence of fairness concern in the construction supply chain consisting of a GC

and multiple SCs. Further, other members of the construction supply chain can also be

included, such as the owner and the designer. On the other hand, with the increasing aware-

ness regarding social environmental protection, it is also possible to study the impact of con-

sumers’ low-carbon demand on the decision-making of construction supply chain enterprises.

These will greatly enrich the current study and make our research more realistic. Moreover,

this study only investigates the impact of fairness concern on the decision-making of supply

chain firms and does not give a quantitative method to mitigate the adverse effects; developing

such a method will be the future research direction of the author.
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