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Abstract

:

Cap-and-trade has become one of the most widely used carbon emission limitation methods in the world. Its constraints have a great impact on the carbon emission reduction decisions and production operations of supply chain enterprises, as well as profit distribution. In the construction supply chain, there are few studies on the profit distribution and emission reduction decisions considering cap-and-trade policy. This paper investigates the profit distribution model of a two-echelon construction supply chain consisting of a general contractor and a subcontractor with cap-and-trade policy. Using game theory and Shapley value method, the optimal emission reduction decisions and profit distribution under three cooperation modes of pure competition, co-opetition, and pure cooperation are obtained, respectively. The research shows that the profits of the construction supply chain are increasing in pure competition, co-opetition, and pure cooperation scenarios, and the emission reduction amount of the construction supply chain in the case of pure cooperation is greater than that of pure competition and co-opetition. The carbon emission reduction amount under the co-opetition scenario is not always greater than that under the pure competition scenario, which depends on the emission reduction cost coefficient relationship of general contractor and subcontractor. When the cost coefficient of emission reduction of the general contractor is less than that of the subcontractor, the emission reduction amount under pure competition is larger than that under co-opetition. A numerical study is carried out to verify the conclusions and illustrated the profits of the supply chain decreased with the increase of carbon emission reduction cost coefficient, and had nothing to do with the emission reduction efficiency of enterprises.
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1. Introduction


With the rapid development of the global economy, the greenhouse effect is increasingly serious and it brings about global warming, extreme weather, rising sea level, and so on [1,2]. The emission of excessive greenhouse gases (GHG), especially carbon dioxide, is one of the main causes of global warming. Under the background of international climate politics, promoting the development of energy conservation and emission reduction and sticking to low-carbon development are important policies for all countries hoping to carry out sustainable development strategies. According to the United Nations Intergovernmental Panel on Climate Change (IPCC), the construction industry has consumed 40% of the world’s energy and released 36% of the CO2, which has become one of the three largest greenhouse gas emission sources in the world [3]. Since the construction industry plays such a major role in global environment degradation, controlling and reducing GHG emissions has become one of its major tasks [4]. Apart from the development of GHG emission reduction technologies and new energy technologies, more and more researchers follow with interest the optimization of the supply chain operation strategies to reduce GHG emissions [2].



Cap-and-trade policy is one of the four major emission reduction methods proposed in the Kyoto Protocol, which can achieve the goals of energy conservation and emission reduction through government control and market regulation. The cap-and-trade method is one of the most prevalent emission regulation mechanisms worldwide [5]. Carrying out cap-and-trade policy, from a standpoint of the environment, it can improve air quality and mitigate climate change, and from the perspective of the economy, it can reduce the costs of emission reduction and promote low-carbon transition. With the implementation of the policy, construction enterprises also face challenges in terms of decision-making (increasing profits and reducing carbon emission), decision variables (such as emission reduction efforts, carbon trading price and so on), and decision environment (the limitation of capacity, money, and carbon caps) that are becoming increasingly complex. Cap-and-trade policy can achieve stated environmental outcomes, but sometimes it will lead to profit degradation of some enterprises in the construction supply chain and serious profit differentiation of enterprises with a large gap in green technology. These problems will destroy the stability of the cooperation of the construction supply chain enterprises and reduce the enthusiasm for production of construction enterprises. This paper addresses questions about how to make emission reduction decisions and how to make reasonable profit distribution among construction supply chain enterprises under a cap-and-trade policy, so that we can understand how a cap-and-trade policy can influence the decision-making strategies and profit distribution proportions among construction supply chain enterprises.



A profit distribution mechanism is an important guarantee mechanism to maintain supply chain cooperation and a key factor to ensure an enterprise’s enthusiasm for production. Many researchers have conducted in-depth research on profit distribution of the supply chain in many industries, such as smart phone supply chain [6], industrial supply chain [7], charcoal commodity supply chain [8], etc. Under different supply chain research backgrounds, researchers consider different distribution elements, such as ability, contribution, investment, risk sharing, and so on [9,10], and they will adopt different profit distribution mechanisms, for instance, modified Shapley method, the TOPSIS method, game theory, and contract theory [11,12,13]. These studies are profound and enlightening. However, there are few systematic studies on the impact of cooperation modes on a supply chain’s decision-making, especially in the field of construction supply chain under the constraints of cap-and-trade policy. In different cooperation modes, different members have different decision-making positions, divergent objectives, and fragmented approaches, which will affect the final decisions of the supply chain. Therefore, to provide a theoretical basis for the management of a construction supply chain, it is necessary to discuss the differences of the supply chain in different cooperation modes.



The objectives of this paper are to solve the optimal emission reduction decisions and profit distribution of enterprises in the supply chain under the constraints of cap-and-trade policy in different cooperation modes. Therefore, in this paper, we set up profit distribution models under the constraints of cap-and-trade policy in three scenarios—pure competition, co-opetition, and pure cooperation. In this way, it cannot only achieve the profit goals of enterprises, but also achieve the goal of reducing emissions by the government. At the same time, we systematically compare the difference of the optimal decisions and the optimal profits of enterprises under different cooperation scenarios, which provides a theoretical basis for the decision-making of enterprises and governments.



The contributions of this paper are mainly embodied in three aspects:

	(1)

	
A complete profit distribution model of construction supply chain in pure competition, co-opetition, and pure cooperation under cap-and-trade is constructed, and the optimal emission reduction decisions and profit distribution of construction enterprises are obtained.




	(2)

	
Systematic comparison of the differences of emission reduction amount and profits of enterprises under three different cooperation modes, probing the reasons for the differences.




	(3)

	
The impacts of emission reduction cost coefficient, emission reduction efficiency coefficient, and cap-and-trade policy’s constraints on the profits of construction supply chain.









The rest of this paper is presented as follows. In Section 2, a literature review is provided as our theoretical foundation. Section 3 describes the problems and establishes the basic models. Section 4 presents the analytical results in three different scenarios. Section 5 describes the comparison analysis. A numerical study is carried out to verify the conclusions in Section 6. Section 7 is the conclusion and future research prospect.




2. Literature Review


In this section, three main types of literature related to this paper are reviewed. First, we illustrated the related literature on the supply chain’s operation decisions under cap-and-trade policy. Secondly, the literature of the construction supply chain’s operation decisions is analyzed. Finally, we reviewed the related literature about profit distribution strategies in the supply chain.



2.1. Supply Chain Operation Decisions under Cap-and-Trade Policy


It is widely believed that the emission trading system is a necessary policy pillar of climate change mitigation [14], and there is much research on the combination of supply chain and cap-and-trade policy.



Some researchers focused on how to formulate or adjust cap-and-trade policy including determining the allocation of permits and trading price. Kollenberg and Taschini proposed a method which changes the allocation of permits based on the current bank of permits which figured out firms’ emissions control problem [15]. Jiang et al. found that generally the social optimum will not be touched in the cap-and-trade system, if the emission allocation of enterprises is lower than the optimal level. Finally, they proposed a hybrid quantity-price policy to help firms control quantity effectively [16]. Cao found the increasing of carbon trading price will lead to the increasing of carbon emission reduction. Moreover, the carbon trading prices do not always have a negative impact on manufacturers’ profits [17]. Xu et al. combined the equilibrium tactic with a cap-and-trade system, and proposed a bi-level multi-objective carbon emission model which could depict interrelationships of multiple stakeholders and resolve their conflicts [18].



Some other researchers pay close attention to the design or use of supply chain coordination contracts under cap-and-trade policy. Xu et al. found that the supply chain can be coordinated by wholesale price and cost sharing contracts. They made a conclusion that when the transaction price rises, the optimal output first decreases (increases) and then remains constant [19]. Xu et al. proposed a decision model of centralized and decentralized supply chain, and modified a revenue-sharing contract to coordinate the manufacturer and retailer [20]. Wang and Liu considered the contract design, under the carbon trading system, to realize supply chain coordination. They found upstream firms’ carbon reduction investment increases and the whole supply chain realizes Pareto improvement with the induction of the investment cost sharing contract [21].



There are a great many literatures concerned about the optimal production decisions and emission reduction decisions of enterprises under cap-and-trade policy [2,5,6]. Wang et al. developed a mathematical model to test the impact of cap-and-trade system on enterprise’s production planning and emission reduction strategy. The result shows that when the cost of low-carbon processing is greater than the potential opportunity income, enterprises tend to buy carbon subsidies from the carbon trading market, and vice versa [22]. Du et al. took a license supplier and a company as a model, and theoretically analyzed their optimal decisions in a cap-and-trade mechanism. In addition, they found it is possible to achieve the coordination of the supply chain [23]. Sun et al used Stackelberg model to study the forest scale and carbon emission reduction decisions of the supply chain under cap–and-trade policy [24]. Yoo and Cheong studied incentive mechanisms for quality improvement in a buyer-driven supply chain and developed two reward strategies, they showed that the reward with a target better enhances the overall profits performance [25].



Most of the above literatures considered the effect of cap-and-trade policy on supply chain operation decisions and focused more on the field of manufacturing enterprises. Few documents take the cap-and-trade policy into consideration in the construction supply chain.




2.2. Profit Distribution of Supply Chain


Profit distribution is a very important part of supply chain management. Some typical literature related to the profit distribution of supply chain is reviewed in this part.



Some scholars have studied how to allocate profits among different contracts in supply chain to achieve supply chain coordination. Song proposed a green supply chain model to run a study on revenue-sharing contracts comparing the common centralized control game model and the decentralized decision game model. Furthermore, they found the retailer-led revenue-sharing contract leads to higher greening level than the decentralized control condition [26]. Cachon and Lariviere proposed revenue-sharing contracts based on the condition that distributors buy the products from suppliers at a low wholesale price and allow suppliers to share supply chain sales revenue [27]. Zhang and Liu considered a two-member supply chain composing of one supplier and one retailer and established a profit division model based on Stackelberg games. They found that if the dominant enterprise abandons the dominant opportunities, their profits will decline, and the supply chain will also operate inefficiently [28]. Wei and Choi explored the wholesale pricing and profit-sharing scheme to coordinate supply chains under the mean– variance decision framework. In addition, they determined the proportion of profit distribution among enterprises [29]. Some other scholars established different mathematical model on profit distribution. Xu and Wang established a decision model of centralized and decentralized supply chain composed of a manufacturer and a retailer and explored the profit distribution of a CLSC (closed-loop supply chain) based on retail price and emission reduction dependent demand. The results demonstrated that profit distribution can coordinate members effectively [30]. Yu et al. obtained optimal inventory strategies for members under different information sharing scenarios. The research shows that in the decentralized supply chain, the increase of information sharing among members will lead to Pareto improvement of the performance of the whole supply chain [31]. Liu and Papageorgiou developed a mixed integer linear programming (MILP)-based, fair profit distribution framework and used proportional and maximum-minimum fairness criteria to define fair profit disposition [32]. With consideration of the elements of corporate social responsibility, Ding et al. studied supply chain for pollution reduction with collaborative investments. Furthermore, they solved the problem of profit distribution in supply chains that meet sustainable constraints [33]. Patra explored a two-member supply chain composing of the manufacturer and the service provider, and considered the profit distribution among the enterprises [6].



Most of the above literature on profit distribution on supply chain is concentrated in the manufacturing industry and few consider the constraints of cap-and-trade policy; the exploration of construction supply chain is rare.




2.3. Construction Supply Chain Operation Decisions for Multi-Echelon Supply Chains


In the early 1980s, Koskela applied the idea of the supply chain in manufacturing to construction industry, thus forming the prototype of construction supply chain management. Scholars have paid more attention to how to improve the operation efficiency of construction supply chain recently [34]. Errasti et al. proposed a cooperative model to improve cooperation [35]. Fugate and Sahin explored supply chain coordination mechanisms deeply including price, non-price, and flow coordination mechanisms and found that managers are more inclined to flow coordination mechanism than others [36]. Yang et al. put forward a new model combining improved Shapley method and the TOPSIS method to solve single-factor and multiple-factor profit distribution [13]. Lin et al. established an uncertain bi-level programming model based on multi-echelon supply chain solving their incentive mechanism and coordination [37]. Feng et al. proposed a new bi-level programming model with multiple objective optimization which can check up on intrinsic conflicts among decision makers [38]. Chen put forward a project network consisting of multiple concurrent projects to solve the coordination between supplier selection and project scheduling, motivated by a practical operation decision in the construction industry [39]. Selim and Arazlrem established a multi-objective linear programming model and applied fuzzy goal programming approaches to solve collaborative production–distribution planning problem in supply chain systems [40]. Furthermore, Zainal Abidin and Ingirige explored disruptions in a supply chain using pathogen metaphor to reflect internal hidden flaws and established appropriate strategies to prevent supply chain from disrupting. Moreover, some experts have studied the integration of information flow for making better construction supply chain operation decisions [41]. Irizarry et al. combined building information modeling (BLM) with geographic information systems (GIS) into a unique system following the trail of the supply chain status [42]. Čuš-Babič et al. proposed a theoretical model of information mapping to eliminate information gaps within the design, prefabrication, and on-site construction processes [43].



In the research of the operation decisions on the construction supply chain, the researchers paid more attention to the application of the traditional supply chain thought in the construction supply chain, examining how to realize the coordination of the supply chain, while few researchers have considered the influence of the cap-and-trade policy on its decision-making. Moreover, we discuss the differences of the supply chain in different cooperation modes.



All the above literature laid a foundation for the study of this paper. This paper studies the coordination and decision-making of the construction supply chain considering the constraints of cap-and-trade policy based on the general contracting model of construction. There are two main problems studied in this paper: (1) the joint enterprises in the construction supply chain and how to achieve optimal green decisions; and (2) which profit distribution strategy can coordinate the construction supply chain as much as possible under the cap-and-trade policy.





3. Model Description and Assumption


The research object of this paper is the system of a two-stage supply chain consisting of a general contractor and a subcontractor. In the general contracting project, the general contractor obtains the project by participating in bidding. After the successful bidding of the general contractor, the general contractor will sign the general contract with the proprietor, and then complete the whole process or several stages of the project according to the agreement of the contract. Generally speaking, few general contractors can complete the contract works independently. Therefore, the general contractor will subcontract part of its own content which is difficult to complete to some professional subcontractors to integrate and use external resources to improve the efficiency and competitiveness of the supply chain and create more benefits.



The general contracting construction supply chain is a typical core supply chain revolving around a general contractor with strong comprehensive strength. The general contractor plays a leading role in the supply chain, which is also associated with the proprietor and subcontractor, responsible for all the contents of the contracted project to the proprietor. As an independent economic entity, the general contractor and the subcontractor will take the maximum of their own profits as the decision-making goal. Under the constraints of the cap-and-trade policy, the general contractor and the subcontractor need to balance the incremental costs and gains of carbon emission reduction, to decide on the emission reduction efforts of enterprise. To motivate the contractor to achieve the goal of emission reduction, the proprietor will agree with the general contractor for an incentive to achieve the emission reduction goal in advance, and the general contractor will also assign a certain reward to the subcontractor to improve its emission reduction efforts. In this context, the general contractor needs to choose the appropriate allocation proportion to encourage the supply chain enterprises to increase emission reduction efforts to achieve emission reduction goals, and to coordinate the supply chain.



The following assumptions are made to develop the proposed model:

	(1)

	
In the general contract signed by the proprietor and the general contractor, we assumed that the proprietor signs a contract with fixed total price and emission reduction bonuses with the general contractor to encourage contractor to achieve emission reduction, which is given by P1=R1+t [44]. Among them, P1 is the total contract price, and R1 is the fixed total contract price of the general contractor given by the proprietor. In addition, t is the final emission reduction bonuses of the general contractor given by proprietor.




	(2)

	
Because t is the emission reduction bonuses, it must be related to the amount of carbon emissions reduction. Similar to the simple linear incentive contract mentioned by Ward, we assume a linear relationship between the emission bonuses and the amount of emission reductions [45]. Parameter φ(φ≥0) is the bonuses coefficient of unit emission reduction negotiated by proprietor and general contractor in advance, which is given by t=φs(e1+e2). The e1, e2 (e1, e2≥0) offered above are the emission reduction amount of the unit construction area of general contractor and subcontractor. In addition, s is construction areas.




	(3)

	
In addition, e1, e2 are affected by the emission reduction efforts θ1, θ2. With the increase of the investment in the reduction emission, the marginal cost of the carbon emission reduction will increase gradually, so the increase of the emission reduction will be slower. That is, carbon emission reduction amount e1 is a continuous increasing convex function about emission reduction efforts θi, and the relationship of the two can be assumed as ei=βiθi12, i=1,2. βi is the emission reduction efficiency coefficient of enterprise i, which is the indication about emission reduction technology, management ability and so on of enterprise i. In addition, the bigger βi is, the higher the emission reduction efficiency of the enterprise i is.




	(4)

	
To achieve the goal of emission reduction, enterprises will increase the investment of emission reduction, upgrade the technology, adopt new equipment, and so on, to reduce the emission reduction of the unit construction area. The costs of emission reduction accelerated increase with the increase of the amount of emission reduction. Similar to the model of research and development cost adopted by many scholars in the field of product research and development [46], the cost of emission reduction of enterprise i is assumed as Gi=12εiei2. Among them εi is cost coefficient of emission reduction of enterprise i. In addition, the bigger εi is, the more the cost of emission reduction is.




	(5)

	
Under the constraints of cap-and-trade policy, we assumed that the government uses the benchmark-based emission method to allocate the quotas for the construction products, which means that the government establishes the carbon emission quotas according to the advanced carbon emission level of construction area [47]. When enterprises use up the free quotas allocated by the government, they need to purchase additional quotas from the carbon trading market to meet demand. Conversely, if the enterprises still have remainders after the completion of the construction products, the quotas can be sold for additional benefits. We assumed that the benchmark carbon emission of unit construction area in the construction industry (the advanced level in industry) is es. the initial carbon emission of unit construction area is e0. If the construction area is s, and the transaction price of the carbon trading market is m, then carbon trading price of the supply chain after production is given as f=ms(e0−e1−e2−es).




	(6)

	
In the subcontract signed by the general contractor and the subcontractor, the general contractor will also give the subcontractor a fixed contract price R2 at first. In addition, to encourage the subcontractor to increase the emission reduction efforts, the general contractor will give the subcontractor a certain bonus. At this time, the amount of bonus that the general contractor can dominate consists of two parts, which are the final reduction bonuses of general contractor given by proprietor t and f in the carbon trading market, and the total amount of the governable bonuses is (t−f). When carbon trading price f is positive, it is indicated that the carbon emissions from the supply chain exceed the free quotas from the government, and they need to buy quotas from the carbon trading market, and on the contrary to indicate that the enterprises still have surplus quotas at the end of production, which can be sold in the carbon trading market to gain extra income. The general contractor assigns part of its domination to the subcontractor for reward. Assuming the profit distribution proportion of subcontractor given by general contractor is λ (0≤λ≤1), the total contract price P2 of the subcontractor can be expressed as P2=R2+λ(t−f).




	(7)

	
Supposing the fixed cost of general contractor and subcontractor are C1 and C2, the profits of general contractor and subcontractor are π1 and π2 while the profits of supply chain is π. Then we can draw their expression as


π1=P1−f−G1−C1−P2=R1−R2−C1−12ε1θ1β12+(1−λ)[φs(β1θ112+β2θ212)−ms(e0−β1θ112−β2θ212−es)]



(1)






π2=P2−G2−C2=R2−C2−12ε2θ2β22+λ[φs(β1θ112+β2θ212)−ms(e0−β1θ112−β2θ212−es)]



(2)






π=π1+π2=P1−f−C1−C2−G1−G2=R1−C1−C2−12ε1θ1β12−12ε2θ2β22+φs(β1θ112+β2θ212)−ms(e0−β1θ112−β2θ212−es)



(3)








	(8)

	
Supposing that the general contractor and the subcontractor are both risk neutral enterprises.









The symbols of the models in this paper are defined as Table 1.




4. Model Analysis and Solution


4.1. Pure Competition Model


In the case of pure competition decision-making, the general contractor and the subcontractor separately perform emission reduction investment. At this time, the relationship between general contractor and the subcontractor are the Stackelberg game model, in which the general contractor is the dominant one and it determines its own emission reduction efforts and the proportion of profit distribution aiming at maximizing its own profits. As a follower, the subcontractor decides the degree of its own emission reduction efforts after the general contractor’s decisions.



Proposition 1.

The optimal emission reduction efforts of general contractor and subcontractor under cap-and-trade policy in the pure competition decision-making condition are


θ1s=[s(1−λ)(φ+m)ε1β1]2



(4)






θ2s=[λs(φ+m)ε2β2]2



(5)









Proposition 2.

The optimal profit distribution proportion λ of subcontractor given by the general contractor is


λ=0



(6)









Proof. 

First, we take the first-order derivative of Equation (2) with respect to θ2 and let the first derivative equal to 0 as follows


∂π2∂θ2=−12ε2β2+λ(12φsβ2θ2−12+12msβ2θ2−12)=0











Then we can attain the optimal emission reduction efforts of subcontractor θ2s is


θ2s=[λs(φ+m)ε2β2]2











Substituting θ2s above into Equation (1) and then we take the first-order partial derivative of θ1 and λ respectively and let them equal to 0, constructing a simultaneous equation as follows


∂π1∂θ1=−12ε1β1+(1−λ)(12φsβ1θ1−12+12msβ1θ1−12)=0










∂π1∂λ=s2(φ+m)2ε2−2λs2(φ+m)2ε2−sβ1θ112(φ+m)+ms(e0−es)=0











So, we can get the optimal emission reduction efforts of general contractor and the optimal proportion of bonuses are as follows


θ1s=[s(1−λ)(φ+m)ε1β1]2










−λs2(φ+m)2ε1=0











Because of parameters s, φ, m and ε1 are all greater than 0, we can easily know that λ=0.  □





In the case of pure competition decision-making, as the general contractor occupies the dominant position, the general contractor will account for all the bonuses from the view of maximizing its own profits that is, the proportion of bonuses allocated to the subcontractors is 0. At this time, the subcontractor refuses to pay the emission reduction efforts, and all the emission reduction investment will be paid by the general contractor, so it is difficult to achieve the emission reduction goals in practice. In a single cooperation, the decision behavior of the general contractor does make its own profit maximum, but such decision-making will lead to the subcontractor’s behavior that is not conducive to the realization of the construction goals, and destroy the cooperation between the general contractor and the subcontractor, which is not conducive to long-term cooperation.




4.2. Co-Opetition Model


In the case of co-opetition decision-making, the general contractor and the subcontractor separately perform emission reduction investment to decide their optimal emission reduction decisions, and then the general contractor and the subcontractor cooperatively decide the profit distribution proportion aiming at maximizing the profits of construction supply chain. It reflects the situation of the existing of competition (the general contractor and the subcontractor make a separate decision on the emission reduction efforts) and cooperation (the general contractor and the subcontractor cooperatively decide the proportion of the profit distribution).



Through the analysis of co-opetition decision-making, we can draw the following propositions:



Proposition 3.

The optimal emission reduction efforts of general contractor and subcontractor under cap-and-trade policy in the co-opetition decision-making condition are


θ1d=[s(1−λ)(φ+m)ε1β1]2



(7)






θ2d=[λs(φ+m)ε2β2]2



(8)









Proof. 

The general contractor determines its emission reduction efforts from the perspective of maximizing its profits. We take the first-order derivative of Equation (1) with respect to θ1 as follows


∂π1∂θ1=−12ε1β1+(1−λ)(12φsβ1θ1−12+12msβ1θ1−12)











The subcontractor also determines its emission reduction efforts from the perspective of maximizing its profits. We take the first-order derivative of Equation (2) with respect to θ2 as follows


∂π2∂θ2=−12ε2β2+λ(12φsβ2θ2−12+12msβ2θ2−12)











Here we can make ∂π1∂θ1=0, ∂π2∂θ2=0 and then we can easily get the optimal emission reduction efforts θ1d, θ2d of general contractor and subcontractor from the perspective of maximizing their own profits. □





From Proposition 3 we can observe that the optimal emission reduction efforts of general contractor and subcontractor from the perspective of maximizing their own profits are proportional to the square of the profit distribution proportion, inversely proportional to the square of their own cost coefficient, and inversely proportional to the square of their own efficiency coefficient, and proportional to the square of the construction area. It shows that the higher the enterprise’s bonuses distribution proportion, the lower its own cost and the larger the construction area, the more the enterprise willing to pay on emission reduction efforts.



Proposition 4.

The optimal profit distribution proportion λ of subcontractor given by the general contractor in the co-opetition decision-making is


λ=ε1ε1+ε2



(9)









Proof. 

Substituting θ1d, θ2d of Equations (7) and (8) to Equation (3) we can attain the expressions of the profits of the supply chain as follows


πD(λ)=R1−C1−C2+s2(φ+m)2(1−λ22ε1+2λ−λ22ε2)−ms(e0−es)











We take the first-order derivative of πD(λ) with respect to λ as follows


∂πD(λ)∂λ=1−λε2−λε1











We make ∂πD(λ)∂λ=0 and then we can get result as Proposition 4.  □





Substituting Equations (7) and (8) and Equation (9) into Equations (1)–(3) we can attain the expressions of the profits of the general contractor, subcontractor, and the supply chain as follows


π1d=R1−R2−C1−ε2ms(e0−es)ε1+ε2+s2(φ+m)2(2ε12+ε22)2ε1(ε1+ε2)2










π2d=R2−C2−ε1ms(e0−es)ε1+ε2+s2(φ+m)2(2ε22+ε12)2ε2(ε1+ε2)2










πD=R1−C1−C2−ms(e0−es)+s2(φ+m)2[(2ε22+ε12)2ε2(ε1+ε2)2+(2ε12+ε22)2ε1(ε1+ε2)2]











In the case of co-opetition decision-making, although the expressions of emission reduction efforts of the general contractor and the subcontractor are the same as that in the pure competition decision-making, because of the general contractor and the subcontractor cooperatively decide the profit distribution proportion, and the proportion is not 0 which means the actual emission reduction efforts are not the same. In this situation, the general contractor and the subcontractor work together to reduce the emission reduction and it is beneficial to the realization of the emission reduction goal.



Proposition 5.

The profit distribution proportion of subcontractor given by the general contractor is only related to their emission reduction cost coefficient in the co-opetition decision-making condition. In addition, the proportion is positively related to the cost coefficient of the general contractor and negatively related to the cost coefficient of the subcontractor.





Proof. 

From Equation (9) we can get ∂λ∂ε1=ε2(ε1+ε2)2>0, ∂λ∂ε2=−ε1(ε1+ε2)2<0, the proposition is proved.  □





It can be seen that for the general contractor, the greater its cost coefficient of emission reduction is, the more it will be willing to give more incentives to the subcontractors to achieve the goals of reducing emissions and maximizing profits. For the subcontractor, the higher its own cost coefficient of emission reduction is, the less it hopes to get emission reduction incentives, to reduce emissions reduction costs and increase its profits.




4.3. Pure Cooperation Model


The general contractor and subcontractor make up a consortium, and they no longer take their own profits maximization as the decision-making objective. Instead, they take the maximization of supply chain profits as the decision-making goals. For the pure cooperation decision-making condition, we can get the following propositions:



Proposition 6.

The optimal emission reduction efforts of general contractor and subcontractor under cap-and-trade policy in the pure cooperation decision-making are


θ1c=[s(φ+m)ε1β1]2



(10)






θ2c=[s(φ+m)ε2β2]2



(11)









Proof. 

In the profit expression of supply chain, by the second order derivatives of Equation (3) with respect to θ1 and θ2, the resulting Hessian matrix of π can be calculated by


H(θ1,θ2)=[∂2πSC(θ1,θ2)∂θ12∂2πSC(θ1,θ2)∂θ1∂θ2∂2πSC(θ1,θ2)∂θ2∂θ1∂2πSC(θ1,θ2)∂θ22]=[−14β1θ1−32−14msβ1θ1−3200−14β2θ2−32−14msβ2θ2−32]











It is obviously that ∂2πSC(θ1,θ2)∂θ12<0 and |H(θ1,θ2)|>0, that is the Hessian matrix of π is a negative definite, and strictly joint concave in θ1 and θ2. By solving the first-order partial derivative of π with respect to θ1 and θ2 and let ∂πSC∂θ1=0, ∂πSC∂θ2=0 we can easily get the Proposition 6.  □





The optimal emission reduction efforts of each participant in the construction supply chain in the condition of pure cooperation decision-making are still inversely proportional to the square of the cost coefficient, which is inversely proportional to the square of the efficiency coefficient, and is directly proportional to the square of the construction area.



We substitute Equations (10) and (11) into Equation (3) and then get the expression of construction supply chain profits as follows:


πC=R1−C1−C2+s2(φ+m)2(ε1+ε2)2ε1ε2−ms(e0−es)











Proposition 7.

Through the comparison of co-opetition model and cooperation model, we can find that the relationship of emission reduction efforts of participants in construction supply chain are θ1c>θ1d,θ2c>θ2d.





Proof. 

From the emission reduction efforts which were calculated above, we can attain that θ1c−θ1d=λ(2−λ)[s(φ+m)ε1β1]2, θ2c−θ2d=(1−λ2)[s(φ+m)ε2β2]2, and parameter λ satisfy λ∈(0,1), so we can get θ1c−θ1d>0, θ2c−θ2d>0, that is, the relationship of emission reduction efforts is θ1c>θ1d, θ2c>θ2d. □





It shows that the emission reduction efforts of cooperation model have increased compared to the co-opetition model from descriptions above. Therefore, the profits must be distributed reasonably to compensate for enterprises’ investment in emission reduction and make the condition of pure cooperation decision-making realized. Otherwise, if unfair profit distribution occurs, it will lead to the burst of cooperative relationships, which is not conducive to long-term strategic cooperation between enterprises. So, we introduce the common method of distribution of profits under the cooperative game scenario—Shapley value method.



Proposition 8.

The profits of the general contractor and subcontractor after the profit distribution by using the Shapley value method is


ψ1(v)=R1−R2−C1−ε2ms(e0−es)ε1+ε2+s2(φ+m)2(2ε23+5ε12ε2+ε1ε22)4ε1ε2(ε1+ε2)2



(12)






ψ2(v)=R2−C2−ε1ms(e0−es)ε1+ε2+s2(φ+m)2(2ε13+5ε1ε22+ε12ε2)4ε1ε2(ε1+ε2)2



(13)









Proof. 

Supposing that I = {1, 2, 3, … n} is an alliance which is formed by N participants, [I, v] is individual cooperative countermeasures while v is the characteristic function of the alliance. ψ(v)=(ψ1(v),ψ2(v),…, ψn(v)) is the Shapley value of the alliance in which ψi(v) represents the revenue of participants I as follows [13]


ψi(v)=∑T(t−1)!(n−t)!n!(v(T)−v(T−{i})), i=1,2,…,n













In the above formula, v represents the revenue of alliance where T is a set including participant I. In addition, t represents the number of elements in set T while n is the number of participants of the alliance.



By using the above Shapley value method, we can get the profits expressions of the general contractor and the subcontractor as follows


ψ1(v)=(1−1)!(2−1)!2!(v({1})−v({1}−{1}))+(2−1)!(2−2)!2!(v({1,2})−v({1,2}−{1}))










ψ2(v)=(1−1)!(2−1)!2!(v({2})−v({2}−{2}))+(2−1)!(2−2)!2!(v({1,2})−v({1,2}−{2}))











There we substitute v({1})=π1d, v({2})=π2d, v({1,2})=πC, v({0})=0 into the formula above then we can get the results as Proposition 8. □



Through the comparison of the revenue functions of general contractor and subcontractor under different decision-making conditions we can get the following proposition:



Proposition 9.

The relationships of general contractor’s profits and subcontractor’s profits under cooperation model and co-opetition model are ψ1(v)>π1d, ψ2(v)>π2d, it shows that the profits of general contractor and subcontractor will be increased in the condition of pure cooperation decision-making compared to the condition of co-opetition. Therefore, the general contractor and the subcontractor are more willing to adopt a cooperative strategy.





Proof. 

Through the revenue functions of general contractor and subcontractor described above, we can get that ψ1(v)−π1d=s2(φ+m)24(ε1+ε2), ψ2(v)−π2d=s2(φ+m)24(ε1+ε2), it is obvious that ψ1(v)−π1d>0, ψ2(v)−π2d>0, then we can get the conclusion as Proposition 9. □







5. Model Comparison


Under the three decision-making situations, the total emissions reduction amounts of construction supply chain are as follows:


es=λs(φ+m)ε1



(14)






ed=s(1−λ)(φ+m)ε1+λs(φ+m)ε2



(15)






ec=s(φ+m)ε1+s(φ+m)ε2



(16)







Proposition 10.

The relationships of the total emission reduction amounts of construction supply chain under pure cooperation decision-making compared to that of complete competition and co-opetition decision-makings are ec>es, ec>ed.





Proof. 

Through Equation (16) subtracts Equations (14) and (15) respectively, we get ec−es=λs(φ+m)ε2, ec−ed=λs(φ+m)ε1+s(1−λ)(φ+m)ε2. Since λ∈(0,1), it is obvious that ec−es>0,  ec−ed>0. That is to prove the above Proposition 10. □





Through the above proposition, we find that the emission reduction of construction supply chain in the case of pure cooperation decision-making is greater than that of pure competition and co-opetition decision-makings, which means that pure cooperation decision-making has the best effect on emission reduction and is more conducive to achieving the emission reduction goal.



Proposition 11.

When ε1<ε2, the relationship of the emission reduction of the construction supply chain between the situation of co-opetition and complete competition decision-making is ed<es; When ε1≥ε2, the relationship of emission reduction is ed≥es.





Proof. 

Since ed≥es=λs(φ+m)ε2−λs(φ+m)ε1, it is obvious that when ε1<ε2, there is ed<es; when ε1≥ε2, there is ed≥es. □





Through the above proposition, we find that the amount of emission reduction of construction supply chain in the case of co-opetition decision-making is not always greater than that in the case of pure competition decision-making. When the emission reduction cost coefficient of the general contractor is smaller than that of the subcontractor (ε1<ε2), it means that when the emission reduction efficiency coefficient of the general contractor is higher than that of the subcontractor, the general contractor tends to adopt a pure competition decision-making mode, which will increase the emission reduction and its own profits. This is because the general contractor enjoys the exclusive emission reduction bonuses in the case of a pure competition decision-making, and its own emission reduction cost is relatively low. When the general contractor’s emission reduction cost coefficient is higher than that of the subcontractor (ε1≥ε2), the general contractor will adopt the co-opetition decision-making mode, and share the emission reduction bonuses with the subcontractor to achieve the emission reduction goal and increase their respective profits which is due to the fact that the general contractor has low efficiency and high cost of emission reduction, so the general contractor will choose co-opetition decision-making mode in order to achieve the emission reduction goal and reduce the cost.



Proposition 12.

The relationships of the profits of the construction supply chain under the three decision-making situations are πC>πD, πC>πS, πD>πS.





Proof. 

Through the profits of the construction supply chain in the case of pure cooperation decision-making subtracts the profits in the case of complete competition and co-opetition decision-makings respectively, we get πC−πD=s2(φ+m)22(ε1+ε2), πC−πS=s2(φ+m)22ε2. It is obvious that πC−πD>0, πC−πS>0. Through the profits of the construction supply chain in the case of co-opetition decision-making subtracts the profits in the case of complete competition decision-making, we get πD−πS=s2(φ+m)2ε1+ε2, It is obvious that πD−πS>0. □





Through the above proposition, we find that the total profits of construction supply chain in the case of cooperative decision-making is greater than that under complete competition and co-opetition decision-makings. Combined with Proposition 9, we can see that the pure cooperation decision-making can achieve Pareto improvement in the profits of the general contractor, the subcontractor, and the construction supply chain. Therefore, the pure cooperation decision-making model is the most ideal decision-making model. We notice that the profits of construction supply chain are always greater than that under pure competition decision-making, while according to Proposition 11, the emission reduction of construction supply chain in the case of co-opetition decision-making is not always greater than that in pure competition decision-making. When ε1<ε2, the general contractor invests emission reducing costs separately while the marginal cost of reducing the emission of the general contractor increases at a faster rate, the profits of construction supply chain will be reduced even though the emission reduction will be increased.



Construction industry is an important material production sector of the national economy, but also one of the industries with huge carbon emissions for many countries. Its development is related to the development of the whole national economy and the realization of low-carbon sustainable development strategy. To adapt to the low-carbon development, as well as the restriction of cap-and-trade policy on enterprises, the construction supply chain enterprises must make effective emission reduction decisions and profit distribution. Our research result provides important references for the management and practice of construction supply chain enterprises. Firstly, our propositions enable the construction supply chain enterprises obtain the optimal emission reduction decisions and profit distribution under the circumstances of pure competition, co-opetition, and pure cooperation. Secondly, our propositions show that the perfect cooperation mode is the pure cooperation mode. It has great benefits for both the profits of supply chain and emission reductions. In particular, the larger the building area, the higher the carbon trading price and the lower the carbon quotas, the more obvious the advantages of the cooperation mode. If pure cooperation cannot be adopted, enterprises should choose the cooperation modes and make corresponding emission reduction decisions according to their own emission reduction costs and efficiency.




6. Numerical Analysis


Through the above theoretical analysis, we obtain the optimal emission reduction decisions and profit distribution strategies of the supply chain enterprises under the conditions of pure competition, co-opetition, and pure cooperation decision-making. The strength of different enterprises is uneven, so the efficiency coefficient and the cost coefficient of emission reduction are unequal in different enterprises. These model parameters related to the strength of enterprises will have a certain impact on the decision-making of enterprises. In addition, the different carbon limit and carbon trading price will bring influence on the decision-making of supply chain enterprises under the constraints of cap-and-trade policy. The following examples are used to study the influence of the efficiency coefficient, the cost coefficient of emission reduction and the constraints of cap-and-trade policy on the decision-making of supply chain. Assuming that there is a construction with areas of s=1800 m2, the initial carbon emission of unit construction area is e0=0.9 tCO2/m2, the benchmark of carbon emission of unit construction area in construction industry (the advanced level in industry) is es=0.78 tCO2/m2, carbon trading price m=30 yuan/tCO2. Emission reduction incentive coefficient is φ=10 yuan/tCO2, the fixed contract price signed by the proprietor and the general contractor is R1=3,200,000 yuan, the fixed contract price signed by the general contractor and the subcontractor is R2=1,200,000 yuan, the fixed cost of the general contractor is C1=1,820,000 yuan, and the fixed cost of the subcontractor is C2=1,080,000 yuan.



6.1. The Influence of Emission Reduction Cost Coefficient and Efficiency Coefficient of Emission Reduction on Supply Chain Decision


Through Table 2 and Table 3, we find that in the case of pure competition decision-making, because only the general contractor has paid emission reduction efforts, while the subcontractor does not pay efforts, there would be no emissions reduction award and cost, so the emissions reduction cost coefficient of the subcontractor will not impact on the profits of the general contractor and the supply chain. When the emission reduction cost coefficient of the general contractor increases, the general contractor will reduce the emission reduction efforts to ensure the maximum profits. As a result, the profits of itself and the whole supply chain will be reduced, but it will not affect the profits of subcontractors. Through Table 4 and Table 5, in the case of co-opetition decision-making, we can find that with the increase of the emission reduction cost coefficient εi of the contractor i (i = 1, 2), the emission reduction efforts of contractor i have decreased, while another contractor j (j = 1, 2) has increased its efforts to reduce emissions which means that contractors i will reduce its investment in order to ensure its own profits, and contractor j will increase the level of efforts to reduce emissions in exchange for increased allocation proportion of bonuses to increase its profits. It also can be seen that the allocation proportion of bonuses to subcontractors by the general contractor will increase with the increase of the investment cost coefficient ε1 of the general contractor, and decrease with the increase of the investment cost coefficient ε2, which also strongly verifies the correctness of Proposition 2. Through Table 6 and Table 7, under the pure cooperation decision-making, with the increase of the emission reduction cost coefficient εi of the contractor i, the emission reduction efforts of contractor i will be reduced, and the efforts of contractor j will remain unchanged. It shows that when a contractor’s cost coefficient is increased and it reduce its emission reduction investment, the other contractor needs to maintain the efforts and investment in reducing emissions to maintain overall profits under cooperation model. We also can find that the profits of supply chain enterprises under pure cooperation decision-making is greater than that of in co-opetition condition, which verifies the correctness of Proposition 9.



The relationship between the cost coefficient of the contractor and the emission reduction efforts in the context of co-opetition and pure cooperation decision-making is shown in Figure 1: As ε1 increases, we can see that θ1d and θ1c decrease, θ2d and θ2c increase slowly. Meanwhile, as ε2 increases, we can see that θ1d and θ1c increase slowly, θ2d and θ2c decrease rapidly.



Observation 1.

The contractor’s emission reduction efforts in a pure cooperation decision-making are more than twice as great as those in a co-opetition decision-making.





Observation 2.

The change degree of the contractor’s own emission reduction efforts caused by the change of the contractor’s own emission reduction cost coefficient is greater than that of the other contractor’s emission reduction efforts no matter what the decision situation is, which means that the contractor’s own emission reduction efforts are more sensitive to the emission reduction cost coefficient.





From Table 8, Table 9 and Table 10, we can see that in the case of co-opetition, pure cooperation, and pure competition decision-making, when β1 (emission reduction efficiency coefficient of general contractor) increases, θ1 (the optimal emission reduction efforts of general contractor) decreases and θ2 (the optimal emission reduction efforts of subcontractor) remains constant. In contrast, From Table 11, in the case of pure competition decision-making, we find that when β2 (emission reduction efficiency coefficient of subcontractor) increases, θ1 (the optimal emission reduction efforts of general contractor) and θ2 (the optimal emission reduction efforts of subcontractor) remains constant. Furthermore, through Table 12 and Table 13, in the case of co-opetition and pure cooperation decision-making, we find that when β2 (emission reduction efficiency coefficient of subcontractor) increases, θ1 (the optimal emission reduction efforts of general contractor) remains constant and θ2 (the optimal emission reduction efforts of subcontractor) decreases.



Overall, Through Table 8, Table 9, Table 10, Table 11, Table 12 and Table 13, in the case of complete competition decision-making the emission reduction efforts of the general contractor will decrease with the increase of the its emission reduction efficiency coefficient, while the profits will not change. Since the subcontractor does not invest in emission reduction, the change in its efficiency coefficient has no impact on the efforts and profits of the general contractor. The profit distribution proportion has nothing to do with the emission reduction efficiency coefficient in either decision-making environment. In the case of obtaining the same profits, when one of enterprise’s emission reduction efficiency coefficient increases, it will reduce its emission reduction efforts to reduce its cost while the other party of enterprise will keep current emission reduction efforts to maintain its own profits level.



Under the pure cooperation decision-making condition, there will be a certain improvement no matter the profits of the enterprises or the supply chain, or the degree of the enterprises’ efforts to reduce emissions. Therefore, the enterprises in the construction supply chain are better to adopt the pure cooperation decision-making mode, to ensure that it can achieve the goal of reducing emissions and increase the profits of the enterprise. At the same time, the construction enterprises should keep innovating in production, accelerate technological transformation and innovation, and increase investment in green technology, to reduce the cost of emission reduction and expand their own profits due to the sensitivity of the enterprises’ emission reduction efforts to their own cost coefficient and efficiency coefficient.




6.2. The Impact of the Constraints of Cap-and-Trade Policy on Supply Chain’s Decision-Making


Through Table 14, as the price of carbon trading rises, the general contractor’s emission reduction efforts will increase to make more profits. Through Table 15 and Table 16 and Figure 2, as the carbon trading price rises, both the general contractor and the subcontractor will increase their investments in emission reduction efforts under co-opetition decision-making and pure cooperation decision-making. It means that when the cost of emission reduction remains the same, the increase in the price of carbon trading will lead to the increase of the profits of the supply chain, see Figure 3.



Based on the above propositions and Table 17, Table 18 and Table 19, we can see that the change of es will not affect the emission reduction decisions of the enterprise no matter what situation is due to the benchmark carbon emission of unit construction area es has no effect on the profits allocation proportion and emission reduction efforts. However, with the increase of es, the profits of supply chain will increase, and the profits of supply chain node enterprises will also increase, and vice versa.



From the above, we can see that the government must formulate a reasonable carbon emission benchmark in the process of formulating cap-and-trade policy, and make full use of market regulation functions to realize the balance between maximizing incentives of the supply chain enterprises to reduce emissions and maintaining stable development of the construction industry.





7. Discussions and Conclusions


The cap-and-trade policy is an effective means for the government to achieve carbon emission reduction goals. There are some enlightening papers on the cap-and-trade policy; however, study of the impact of cooperation modes on the construction supply chain’s decision-making under the cap-and-trade policy is insufficient. To some extent, our paper fills the gap. Based on the literature above, we can find that different distribution elements are considered, and we choose some elements, such as contract price, reduction bonus, construction area, and so on, to meet the features of the construction industry. Moreover, compared to other profit distribution and the optimal emission reduction decision research mentioned above, we take three cooperation modes—pure competition, co-opetition, and pure cooperation—into consideration to solve the optimal emission reduction decisions and profit distribution of enterprises using game theory and Shapley value method, which is more systematic and representative.



In this paper, we construct a Stackelberg game model of profit distribution of construction supply chain in the case of a pure competition situation under the cap-and-trade policy. At the same time, we construct the profit distribution model with both competition and cooperation under co-opetition decision-making and the cooperative game model of pure cooperation decision-making. We have obtained the optimal emission reduction efforts and profit distribution of the general contractor and the subcontractor under each decision-making situation. It is concluded that the total profits of the supply chain under the situation of pure competition decision-making is lower than that under the situation of co-opetition and cooperation decision-making, and the construction goal is difficult to realize, so the enterprises in the construction supply chain should avoid adopting a strategy of pure competition. In the case of co-opetition decision-making, the lower the cost coefficient of emission reduction of the enterprise and the greater the proportion of profit that it can obtain, the higher the level of emission reduction efforts enterprise is willing to pay, and the lower, the reverse. In addition, the larger the scale of the building is, the more the enterprises are willing to increase investment in emission reduction due to the existence of the scale effect. The profit distribution proportion of the supply chain enterprise is only related to their cost coefficient of emission reduction. The higher the cost coefficient of enterprises, the more inclined the enterprises are willing to let the other party get more rewards, to maximize their incomes. In the case of pure cooperation decision-making, the relationship between the emission reduction efforts and the cost coefficient of emission reduction investment is the same as that of co-opetition decision-making. The difference is that the level of emission reduction efforts of enterprises has nothing to do with the proportion of profits. We find that enterprises’ emission reduction efforts are sensitive to their cost coefficient and efficiency coefficient.



Based on what is shown above, here are some suggestions for construction enterprises and government. For construction enterprises, they should keep innovating in production, accelerate technological transformation and innovation, and increase investment in green technology, to reduce the cost of emission reduction and increase their own profits. Therefore, supply chain enterprises should adopt cooperative strategies to ensure the realization of the construction goals while obtaining maximum profits. At the same time, the Shapley value method can be adopted to distribute the profit in the pure cooperation decision-making, which makes the profit distribution fairer and more reasonable. For government, they can improve construction firms’ emission reduction efforts by promoting the importance of carbon emission reduction to the public, because the more attention the public attaches to carbon emission reduction, the more efforts firms will make to reduce carbon emissions.



This paper considers the impact of cap-and-trade policy on the profit distribution of the supply chain of general contracting projects and enriches the research content of the construction supply chain. However, this paper only considers a two-stage supply chain consisting of a general contractor and a subcontractor, and this paper only focuses on the impacts of cap-and-trade policy on the profit distribution and emission reduction decisions. How to extend the profit distribution models of a two-stage construction supply chain under cap-and-trade policy to multi-level supply chain, and how to include other factors such as the human factor, the pressure of the commercial market, economic stability, and the productive environment into our models to make our work have more realistic significance value, will be the follow-up research directions of this paper.
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Figure 1. Relationship between cost coefficient εi and emission reduction efforts θi. 
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Figure 2. Relationship between carbon trading prices and emission reduction efforts. 
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Figure 3. Relationship between carbon trading prices and supply chain profits. 
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Table 1. Definitions of variables.






Table 1. Definitions of variables.





	Nomenclature
	Definition





	Pi
	the total contract price of enterprise i (i = 1, 2; 1 represents general contractor, 2 represents subcontractor)



	Ri
	the fixed contract price of enterprise i (i = 1, 2)



	t
	the final reduction bonus of general contractor given by proprietor



	φ
	bonus coefficient of unit emission reduction



	s
	construction area



	ei
	the emission reduction of the unit construction area of enterprise i (i = 1, 2)



	βi
	the emission reduction efficiency coefficient of enterprise i (i = 1, 2)



	θi
	emission reduction efforts of enterprise i (i = 1, 2)



	Gi
	cost of emission reduction of enterprise i (i = 1, 2)



	εi
	cost coefficient of emission reduction of enterprise i (i = 1, 2)



	m
	carbon trading price of each unit



	f
	the amount of carbon trading



	e0
	the initial carbon emission of unit construction area



	es
	the benchmark carbon emission of unit construction area in construction industry (the advanced level in industry)



	λ
	the profit distribution proportion of subcontractor given by general contractor










[image: Table]





Table 2. The impact of emission reduction cost coefficient ε1 on the optimal decision of the general contractor under pure competition decision-making.






Table 2. The impact of emission reduction cost coefficient ε1 on the optimal decision of the general contractor under pure competition decision-making.





	
ε1

	
In the Case of Pure Competition Decision-Making




	
λ

	
θ1s

	
θ2s

	
π1s

	
π2s

	
πS






	
72,000

	
0

	
1.6

	
0

	
209,520

	
120,000

	
329,520




	
81,000

	
0

	
1.23

	
0

	
205,520

	
120,000

	
325,520




	
90,000

	
0

	
1

	
0

	
202,320

	
120,000

	
322,320




	
99,000

	
0

	
0.83

	
0

	
199,701.8

	
120,000

	
319,701.8




	
108,000

	
0

	
0.69

	
0

	
197,520

	
120,000

	
317,520
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Table 3. The impact of emission reduction cost coefficient ε2 on the optimal decision of the subcontractor under pure competition decision-making.






Table 3. The impact of emission reduction cost coefficient ε2 on the optimal decision of the subcontractor under pure competition decision-making.





	
ε2

	
In the Case of Pure Competition Decision-Making




	
λ

	
θ1s

	
θ2s

	
π1s

	
π2s

	
πS






	
76,000

	
0

	
1.5625

	
0

	
209,520

	
120,000

	
329,520




	
85,500

	
0

	
1.5625

	
0

	
209,520

	
120,000

	
329,520




	
95,000

	
0

	
1.5625

	
0

	
209,520

	
120,000

	
329,520




	
104,500

	
0

	
1.5625

	
0

	
209,520

	
120,000

	
329,520




	
114,000

	
0

	
1.5625

	
0

	
209,520

	
120,000

	
329,520
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Table 4. The impact of emission reduction cost coefficient ε1 on the optimal decision of the general contractor under co-opetition decision-making.
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ε1

	
In the Case of Co-Opetition Decision-Making




	
λ

	
θ1d

	
θ2d

	
π1d

	
π2d

	
πD






	
72,000

	
0.43

	
0.51

	
0.30

	
196,554.77

	
136,304.48

	
332,859.25




	
81,000

	
0.46

	
0.36

	
0.34

	
194,834.36

	
134,818.58

	
329,652.94




	
90,000

	
0.49

	
0.26

	
0.38

	
193,573.18

	
133,596.22

	
327,169.40




	
99,000

	
0.51

	
0.20

	
0.42

	
192,616.28

	
132,584.93

	
325,201.20




	
108,000

	
0.53

	
0.15

	
0.45

	
191,867.51

	
131,744.22

	
323,611.74











[image: Table]





Table 5. The impact of emission reduction cost coefficient ε2 on the optimal decision of the subcontractor under co-opetition decision-making.






Table 5. The impact of emission reduction cost coefficient ε2 on the optimal decision of the subcontractor under co-opetition decision-making.





	
ε2

	
In the Case of Co-Opetition Decision-Making




	
λ

	
θ1d

	
θ2d

	
π1d

	
π2d

	
πD






	
76,000

	
0.54

	
0.21

	
0.73

	
196,144.58

	
136,242.23

	
332,386.81




	
85,500

	
0.51

	
0.24

	
0.52

	
194,722.51

	
134,720.05

	
329,442.56




	
95,000

	
0.49

	
0.26

	
0.38

	
193,573.18

	
133,596.22

	
327,169.40




	
104,500

	
0.46

	
0.29

	
0.28

	
192,638.98

	
132,734.37

	
325,373.35




	
114,000

	
0.44

	
0.31

	
0.22

	
191,876.14

	
132,050.82

	
323,926.96
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Table 6. The impact of emission reduction cost coefficient ε1 on the optimal decision of the general contractor under pure cooperation decision-making.
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ε1

	
In the Case of Pure Cooperation Decision-Making




	
θ1c

	
θ2c

	
ψ1(v)

	
ψ2(v)

	
πC






	
72,000

	
1.56

	
1.60

	
204,315.25

	
144,064.96

	
348,380.21




	
81,000

	
1.23

	
1.60

	
202,198.00

	
142,182.21

	
344,380.21




	
90,000

	
1.00

	
1.60

	
200,578.59

	
140,601.62

	
341,180.21




	
99,000

	
0.83

	
1.60

	
199,296.69

	
139,265.34

	
338,562.03




	
108,000

	
0.69

	
1.60

	
198,251.75

	
138,128.46

	
336,380.21
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Table 7. The impact of emission reduction cost coefficient ε2 on the optimal decision of the subcontractor under cooperative decision-making.
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ε2

	
In the Case of Cooperation Decision-Making




	
θ1c

	
θ2c

	
ψ1(v)

	
ψ2(v)

	
πC






	
76,000

	
1

	
2.49

	
203,951.80

	
144,049.46

	
348,001.26




	
85,500

	
1

	
1.97

	
202,107.12

	
142,104.67

	
344,211.79




	
95,000

	
1

	
1.60

	
200,578.59

	
140,601.62

	
341,180.21




	
104,500

	
1

	
1.32

	
199,302.22

	
139,397.61

	
338,699.83




	
114,000

	
1

	
1.11

	
198,229.08

	
138,403.76

	
336,632.84
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Table 8. The impact of emission reduction efficiency coefficient β1 on the optimal decision under pure competition decision-making.
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β1

	
In the Case of Pure Competition Decision-Making




	
λ

	
θ1s

	
θ2s

	
π1s

	
π2s

	
πS






	
0.64

	
0

	
2.44

	
0

	
209,520

	
120,000

	
329,520




	
0.72

	
0

	
1.93

	
0

	
209,520

	
120,000

	
329,520




	
0.80

	
0

	
1.56

	
0

	
209,520

	
120,000

	
329,520




	
0.88

	
0

	
1.29

	
0

	
209,520

	
120,000

	
329,520




	
0.96

	
0

	
1.09

	
0

	
209,520

	
120,000

	
329,520
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Table 9. The impact of emission reduction efficiency coefficient β1 on the optimal decision under co-opetition decision-making.
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β1

	
In the Case of Co-Opetition Decision-Making




	
λ

	
θ1d

	
θ2d

	
π1d

	
π2d

	
πD






	
0.64

	
0.49

	
0.41

	
0.38

	
197,899.02

	
137,694.38

	
335,593.40




	
0.72

	
0.49

	
0.33

	
0.38

	
197,899.02

	
137,694.38

	
335,593.40




	
0.80

	
0.49

	
0.26

	
0.38

	
197,899.02

	
137,694.38

	
335,593.40




	
0.88

	
0.49

	
0.22

	
0.38

	
197,899.02

	
137,694.38

	
335,593.40




	
0.96

	
0.49

	
0.18

	
0.38

	
197,899.02

	
137,694.38

	
335,593.40
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Table 10. The impact of emission reduction efficiency coefficient β1 on the optimal decision under pure cooperation decision-making.
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β1

	
In the Case of Pure Cooperation Decision-Making




	
θ1c

	
θ2c

	
ψ1(v)

	
ψ2(v)

	
πC






	
0.64

	
1.56

	
1.60

	
204,904.43

	
144,699.78

	
349,604.21




	
0.72

	
1.23

	
1.60

	
204,904.43

	
140,601.62

	
349,604.21




	
0.80

	
1.00

	
1.60

	
204,904.43

	
144,699.78

	
349,604.21




	
0.88

	
0.83

	
1.60

	
204,904.43

	
144,699.78

	
349,604.21




	
0.96

	
0.69

	
1.60

	
204,904.43

	
144,699.78

	
349,604.21
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Table 11. The impact of the emission reduction efficiency coefficient β2 on the optimal decision under pure competition decision-making.
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β2

	
In the Case of Pure Competition Decision-Making




	
λ

	
θ1s

	
θ2s

	
π1s

	
π2s

	
πS






	
0.48

	
0

	
1.56

	
0

	
209,520

	
120,000

	
329,520




	
0.54

	
0

	
1.56

	
0

	
209,520

	
120,000

	
325,520




	
0.60

	
0

	
1.56

	
0

	
209,520

	
120,000

	
329,520




	
0.66

	
0

	
1.56

	
0

	
209,520

	
120,000

	
329,520




	
0.72

	
0

	
1.56

	
0

	
209,520

	
120,000

	
329,520
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Table 12. The impact of the emission reduction efficiency coefficient β2 on the optimal decision under co-opetition decision-making.
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β2

	
In the Case of Co-Opetition Decision-Making




	
λ

	
θ1d

	
θ2d

	
π1d

	
π2d

	
πD






	
0.48

	
0.49

	
0.26

	
0.59

	
197,899.02

	
137,694.38

	
335,593.40




	
0.54

	
0.49

	
0.26

	
0.47

	
197,899.02

	
137,694.38

	
335,593.40




	
0.60

	
0.49

	
0.26

	
0.38

	
197,899.02

	
137,694.38

	
335,593.40




	
0.66

	
0.49

	
0.26

	
0.31

	
197,899.02

	
137,694.38

	
335,593.40




	
0.72

	
0.49

	
0.26

	
0.26

	
197,899.02

	
137,694.38

	
335,593.40
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Table 13. The impact of the emission reduction efficiency coefficient β2 on the optimal decision under pure cooperative decision-making.
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β2

	
In the Case of Pure Cooperation Decision-Making




	
θ1c

	
θ2c

	
ψ1(v)

	
ψ2(v)

	
πC






	
0.48

	
1.00

	
2.49

	
204,904.43

	
144,699.78

	
349,604.21




	
0.54

	
1.00

	
1.97

	
204,904.43

	
144,699.78

	
349,604.21




	
0.60

	
1.00

	
1.60

	
204,904.43

	
144,699.78

	
349,604.21




	
0.66

	
1.00

	
1.32

	
204,904.43

	
144,699.78

	
349,604.21




	
0.72

	
1.00

	
1.11

	
204,904.43

	
144,699.78

	
349,604.21
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Table 14. The impact of different carbon trading prices m on the optimal decision under pure competition decision-making.
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m

	
In the Case of Pure Competition Decision-Making




	
λ

	
θ1s

	
θ2s

	
π1s

	
π2s

	
πS






	
24

	
0

	
1.13

	
0

	
200,826

	
120,000

	
320,826




	
27

	
0

	
1.34

	
0

	
204,970.5

	
120,000

	
324,970.5




	
30

	
0

	
1.56

	
0

	
209,520

	
120,000

	
329,520




	
33

	
0

	
1.81

	
0

	
214,474.5

	
120,000

	
334,474.5




	
36

	
0

	
2.07

	
0

	
219,834

	
120,000

	
339,834
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Table 15. The impact of different carbon trading prices m on the optimal decision under co-opetition decision-making.
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m

	
In the Case of Co-Opetition Decision-Making




	
λ

	
θ1d

	
θ2d

	
π1d

	
π2d

	
πD






	
24

	
0.49

	
0.19

	
0.27

	
192,674.17

	
132,539.87

	
325,214.03




	
27

	
0.49

	
0.23

	
0.32

	
195,167.19

	
134,999.83

	
330,167.05




	
30

	
0.49

	
0.26

	
0.38

	
197,899.02

	
137,694.38

	
335,593.40




	
33

	
0.49

	
0.30

	
0.44

	
200,869.65

	
140,623.42

	
341,493.07




	
36

	
0.49

	
0.35

	
0.50

	
204,079.08

	
143,786.98

	
347,866.07
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Table 16. The impact of different carbon trading prices m on the optimal decision under pure cooperation decision-making.
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m

	
In the Case of Pure Cooperation Decision-Making




	
θ1c

	
θ2c

	
ψ1(v)

	
ψ2(v)

	
πC






	
24

	
0.72

	
1.15

	
197,735.56

	
137,601.28

	
335,336.8




	
27

	
0.86

	
1.37

	
201,161.19

	
140,993.86

	
342,155.1




	
30

	
1.00

	
1.60

	
204,904.43

	
144,699.78

	
349,604.2




	
33

	
1.16

	
1.84

	
208,965.27

	
148,719.04

	
357,684.3




	
36

	
1.32

	
2.11

	
213,343.73

	
153,051.64

	
366,395.4
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Table 17. The impact of the benchmark carbon emission of unit construction area es on the optimal decision under pure competition decision-making.
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es

	
In the Case of Pure Competition Decision-Making




	
λ

	
θ1s

	
θ2s

	
π1s

	
π2s

	
πS






	
0.62

	
0

	
1.56

	
0

	
201,096

	
120,000

	
321,096




	
0.70

	
0

	
1.56

	
0

	
205,308

	
120,000

	
325,308




	
0.78

	
0

	
1.56

	
0

	
209,520

	
120,000

	
329,520




	
0.86

	
0

	
1.56

	
0

	
213,732

	
120,000

	
333,732




	
0.94

	
0

	
1.56

	
0

	
217,944

	
120,000

	
337,944
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Table 18. The impact of the benchmark carbon emission of unit construction area es on the optimal decision under co-opetition decision-making.
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es

	
In the Case of Co-Opetition Decision-Making




	
λ

	
θ1d

	
θ2d

	
π1

	
π2

	
πD






	
0.62

	
0.49

	
0.26

	
0.26

	
193,573.18

	
133,596.22

	
327,169.40




	
0.70

	
0.49

	
0.26

	
0.26

	
195,736.10

	
135,645.30

	
331,381.40




	
0.78

	
0.49

	
0.26

	
0.26

	
197,899.02

	
137,694.38

	
335,593.40




	
0.86

	
0.49

	
0.26

	
0.26

	
200,061.94

	
139,743.46

	
339,805.40




	
0.94

	
0.49

	
0.26

	
0.26

	
202,224.86

	
141,792.54

	
344,017.40
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Table 19. The impact of the benchmark carbon emission of unit construction area es on the optimal decision under pure cooperation decision-making.






Table 19. The impact of the benchmark carbon emission of unit construction area es on the optimal decision under pure cooperation decision-making.





	
es

	
In the Case of Pure Cooperation Decision-Making




	
θ1c

	
θ2c

	
ψ1(v)

	
ψ2(v)

	
πC






	
0.62

	
1.00

	
1.11

	
200,578.59

	
140,601.62

	
341,180.21




	
0.70

	
1.00

	
1.11

	
202,741.51

	
142,650.70

	
345,392.21




	
0.78

	
1.00

	
1.11

	
204,904.43

	
144,699.78

	
349,604.21




	
0.86

	
1.00

	
1.11

	
207,067.35

	
146,748.87

	
353,816.21




	
0.94

	
1.00

	
1.11

	
209,230.26

	
148,797.95

	
358,028.21












© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
Emission reduction efforts

Carbon trading price





nav.xhtml


  sustainability-11-01215


  
    		
      sustainability-11-01215
    


  




  





media/file2.png
emission reduction efforts @

0.

0
0

d

d

c

c
2]

1T - T 1 1 1 "~ T 1T -1
70000 75000 80000 85000 90000 95000 100000 105000 110000

general contractor's emission reduction cost coefficient &,

emission reduction efforts 8

d

d

c
1

c

T — T
75000 80000 85000 90000 95000 100000 105000 110000 115000

subcontractor's emission reduction cost coefficient £,






media/file5.jpg
370000

360000 4

350000

340000 4

Supply chain profit

330000 4

320000

o

)

28 30 32
Carbon trading price

3

36





media/file7.png





media/file3.jpg
Emission reduction efforts

T T T T T T
24 26 28 30 32 3 36

Carbon trading price





media/file1.jpg





media/file0.png





media/file6.png
370000 1
o
o
360000 = A T
C
=
o=
S 350000
o
o
‘=
S
> 340000 =
(=¥
o
=
(/9]
330000
320000
1 1 I I 1 I I
24 26 28 30 32 34 36

Carbon trading price





