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Abstract

:

With the growing ecological crisis and consumer environmental awareness, there is a general recognition of the urgent need for the reform of the energy-intensive construction industry. Prefabricated construction has emerged as an effective approach to achieve energy conservation and environmental sustainability. The prefabricated rate is a critical indicator that comprehensively reflects the level of technology, which affects orders, costs, pricing, and partnerships. Moreover, given the highly decentralized nature of the construction industry, it is imperative to consider building materials’ supply in the Prefabricated Construction Supply Chain (PCSC). Therefore, this paper investigates how the prefabricated rate affects consumer preferences and order allocation while designing a three-echelon PCSC under a single-supplier structure, two-supplier structure, and dual-channel structure. Two different channels, prefabricated component and non-prefabricated component, are distinguished by the prefabricated rate. This research not only provides pricing-oriented decision advice but also offers suggestions for channel selection among participants. The results show that the increase in consumers’ preference for the prefabricated rate raises prices. Moreover, a moderate prefabricated rate is most beneficial. Comparing the three models, the supply chain performance of a two-supplier structure is better than that of a single-supplier structure if the prefabricated rate exceeds a certain threshold, while the dual-channel structure is the worst.
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1. Introduction


The Prefabricated Construction Supply Chain (PCSC) involves the manufacturing of construction components in an off-site factory, followed by their transportation to a designated location, where a prefabrication company assembles the components on site [1]. Due to its characteristics, prefabricated construction, also known as industrialized, assembled, or off-site construction, offers several advantages over conventional methods including waste reduction [2], improved efficiency [3], reduced resource depletion, and enhanced environmental sustainability [4]. As a result, prefabricated buildings have gained significant traction worldwide. In Sweden, the market share of prefabricated buildings in the housing industry has exceeded 80% [5]. The Chinese government has set a minimum prefabricated rate of 50% [6]. In USA, various policies have been established to promote large-scale prefabricated construction, and findings have shown that policies improved investment and employment [7]. To sum up, it is imperative and urgent to reform the construction industry towards prefabricated construction characterized by low energy consumption, low pollution, high standardization, and high efficiency.



The deteriorating environment has increased public awareness of environmental conservation. In addition to price, consumers are increasingly motivated by their environmental consciousness to engage in consumption behaviors that promote ecological development or mitigate adverse environmental impacts. This trend is evident in the market through a willingness to pay more or change purchasing habits, commonly known as Consumer Environmental Awareness (CEA) [8]. From the perspective of real estate economics, consumers, as the primary demand drivers in the construction market, play a pivotal role in fostering the advancement of prefabricated buildings. Zhou et al. indicated that altruistic and pro-environmental cognition can exert an influence on purchase intention towards prefabricated buildings [9]. The foremost advantage of prefabricated constructions lies in their substantial external environmental benefits, which account for over 65% of the total external benefits and make them a prime example of sustainable green construction [10]. Consequently, it is rational and imperative to consider CEA within the prefabricated building market.



Prefabrication technology is an essential part of green construction. In China, the General Office of the State Council issued a document, highlighting the status of industrialization construction. To achieve the lifecycle of green building, it is imperative to transform the construction mode through industrialization [11]. Case studies have verified that prefabrication technologies promote the development of green buildings [4,12,13]. The government has placed significant emphasis on the advancement of prefabrication technology, enacted evaluation standards and technical regulations for prefabricated buildings, and proposed various standards for the prefabricated rate [14]. The Prefabricated Building Evaluation Standard (GB/T51129-2017) defines the prefabricated rate as the comprehensive proportion of prefabricated components utilized in the primary structure, retaining wall, internal partition wall, decoration, and equipment pipeline above ground level in a single building [14]. Prefabricated production is based on standardized design and customized components to enhance the production efficiency and safety performance of buildings; thus, the prefabricated rate can serve as an indicator reflecting the extent of industrialization’s technological prowess. The prefabricated rate is also a critical indicator for assessing the level of green energy conservation in prefabricated buildings. Empirical studies have demonstrated a long-term correlation between the prefabricated rate and the efficiency of emission reduction in the construction industry [15,16]. While most existing studies on the PCSC have focused on consumer behavior and its influence on price, limited attention has been given to prefabricated rate preference. Therefore, this study investigates the impact of consumer preference on the prefabricated rate in the PCSC.



Hong et al. confirmed a significant positive correlation between the incremental cost of prefabricated buildings and prefabricated rate, but the impact of prefabricated rate on costs remains complex [17]. Therefore, many studies simplify the prefabrication technology cost function in order to examine the effect of prefabricated rate on operational decisions in the PCSC. However, most studies focus on a two-echelon PCSC, primarily involving downstream contractors and developers, while there is a relative scarcity of research considering a three-echelon PCSC that includes upstream suppliers.



Therefore, based on CEA for the prefabricated rate, this paper establishes a PCSC comprising suppliers, a manufacturer, and a prefabrication company. The manufacturer assumes a leadership role in designing and manufacturing prefabricated components. The prefabricated rate indicator distinguishes between the supply sub-chain for prefabricated components and that for non-prefabricated components in practical applications. Non-prefabricated materials are directly supplied by suppliers to prefabrication companies. Prefabricated component parts require both supplier-provided prefabricated materials and manufacturer involvement. The prefabricated company assembles the product on site and subsequently sells it to the owner. The paper constructs three models under different material supply modes. Two fundamental issues remain to be addressed:



(1) What are the optimal pricing strategies and maximum profits for supply chain members under different material supply structures?



(2) How do prefabricated rate, material supply patterns, and consumer preferences for prefabricated rate impact decision and profitability?



By employing Stackelberg game theory to investigate these inquiries, this study contributes to the existing research on the three-echelon PCSC. Furthermore, it offers valuable insights and recommendations for decision-makers regarding optimal pricing strategies, selection of material supply modes, and investment decisions in prefabrication technology.



The rest of this paper is organized as follows: Section 2 surveys the related literature. Section 3 presents the model assumptions and the research methodology, and it derives the optimal decisions and profits. Section 4 presents a numerical analysis and compares it with the theoretical results. In Section 5, we present the concluding remarks, limitations, and future prospects.




2. Literature Review


2.1. Operational Decisions under Consumer Environmental Awareness


Consumer Environmental Awareness (CEA) plays a pivotal role in driving the market towards achieving supply chain sustainability [18,19]. Papers devoted to studies on CEA are extensive. Several studies have examined the impact of CEA on the economic and environmental performance of supply chain enterprises, revealing a robust correlation. Wang and Hou [20] confirmed that a product’s green level is significantly associated with consumers’ green preferences, and the impact of consumers’ green preferences on the speed of adjustment is intricate. Liu et al. [21] investigated the impact of CEA and competition on supply chain participants, revealing that manufacturers with superior environmental operations would benefit as CEA increases. Zhang et al. [22] examined the impact of CEA on order quantities and channel coordination, finding that firms can derive advantages from product customization and consumer segmentation. Zhou and Duan [23] indicated that firms will increasingly favor agency selling as the influence of reference greenness and CEA grows. Long et al. [24] used a general evolutionary game model to verify that green supply chains can progress from initial to advanced stages as CEA intensifies. Chen et al. [25] explored the optimal production and subsidy rate of the supply chain, taking into account the dynamic nature of CEA.



Studies on environmental awareness are also associated with carbon emissions. Liu et al. [26] found that the preference of consumers for low-carbon products could yield mutual benefits for enterprises within the supply chain. Zhang et al. [27] examined the impact of consumer perception discrepancies on enterprise technology adoption decisions. Improving low-carbon preferences always brings an increase in carbon reduction [28] and profits [29]. Under the cap-and-trade policy, Zhang et al. [30] obtained the same conclusion. Most scholars have considered CEA in carbon reduction [31,32,33], but studies incorporating CEA into the PCSC are still lacking. The prefabricated rate serves as a primary indicator for assessing the level of green energy conservation in prefabricated buildings. Empirical research demonstrates a long-term correlation between the prefabricated rate and the efficiency of energy savings and emission reductions within the construction industry [34]. Furthermore, the implementation of certain incentive policies has bolstered market demand for prefabricated buildings [35,36]. Therefore, this study was inspired by the consumer preference on prefabricated rate to reflect the influence of order quantity and model structures.




2.2. Supply Chain Management for Prefabricated Construction


The prefabricated construction of buildings can effectively reduce the construction period and enhance the utilization rate of building materials. However, compared to on-site construction, it also presents characteristics such as multiple subjects and complex processes [37]. Therefore, integrating supply chain management concepts into prefabricated buildings can effectively address various coordination issues in management. Studies directly related to prefabricated construction can be categorized into precast production, delivery and transportation, as well as the overall performance of the supply chain [38]. Firstly, considering the precast production aspect, Ma et al. [39] developed a rescheduling model of multiple production lines for flowshop precast production (RM-MFP). Wang and Wu [40] optimized the production process from a holistic supply chain perspective, with the aim of improving feasible production scheduling and ensuring the timely delivery of precast components. Zhai et al. [41] used a cost-sharing coordination strategy to solve the issue of production lead-time hedging (PLTH) in the PCSC management. Secondly, considering delivery and transportation, Zhai et al. [42] proposed a Buffer Space Hedging (BSH) coordination model to address logistics uncertainty to foster collaboration between the project contractor and transportation company. This research was then extended by Zhai et al. [43] who examined a multi-period hedging model. Thirdly, considering the performance and coordination of a PCSC, Han et al. [44] established a PCSC to investigate the decision-making process regarding the self-manufacturing and outsourcing of large contractors’ prefabricated components, with the aim of achieving optimal performance. Jiang and Yuan [45] compared the impact on profit in the PCSC by analyzing the optimization effects of the cost sharing contract and the two-part tariff. Isatto et al. [46] examined how supply chain members use language and actions to establish and fulfill commitments, and the impact of these actions on developing construction make-to-order supply chain integration and coordination.



The prefabricated rate is a crucial parameter utilized to fulfill mechanical and safety requirements within the field of prefabricated construction. As a significant indicator, only a limited number of scholars have conducted research from the perspective of prefabricated rate. Jiang and Qi [47] investigated the prefabricated rate and pricing strategy of participants in the PCSC within three scenarios: government subsidies for assemblers, manufacturers, and consumers. Du et al. [48] examined optimal prefabricated rates for a developer and a contractor under various government subsidies while designing transfer payment contracts to achieve the overall coordination of a PCSC. Han et al. [49] developed a three-stage game model to analyze the interactions among consumers, building developers, and the government in the prefabricated buildings industry. They derived a minimum prefabricated rate for government subsidies and an optimal prefabricated rate decision for developers. Wang and Wang [50] investigated the emission reduction impact of a PCSC involving contractors and manufacturers under the unit cost subsidy and the floor-area ratio subsidy. Following a similar modeling approach as Wang and Wang’s study, this paper also distinguishes between prefabricated parts and on-site production parts in prefabricated buildings, determining the proportion of prefabricated parts based on the prefabricated rate. However, given the highly decentralized nature of the construction industry, the involvement of diverse entities becomes imperative for the procurement of raw materials, off-site fabrication of prefabricated components, and on-site assembly [51]. Hence, our contribution lies in extending the supply chain analysis to upstream suppliers, with a focus on analyzing pricing and supply strategies as well as key members’ partnerships across different prefabricated rates. Additionally, we introduce consumer preferences for the prefabricated rate as an influential factor affecting demand for prefabricated buildings. Consequently, this paper explores how the prefabricated rate affects consumer demand and decision-making within the prefabricated building supply chain management field, thereby enriching its theoretical models.





3. Model Description and Assumptions


This study builds a three-echelon PCSC including supplier(s), a manufacturer, and a prefabrication company (PC). The manufacturer (e.g., China Construction Science & Technology Group Co., Ltd., Beijing, China.) possesses qualifications in the design and manufacturing of prefabricated components. Therefore, we assume that the manufacturer plays a leading role while the rest of the members in PCSC act as followers. Non-prefabricated materials are directly supplied to the PC by suppliers, whereas prefabricated materials are supplied to the manufacturer. The manufacturer then processes these materials into prefabricated components and sells them to the PC. The PC is responsible for conducting on-site assembly activities, and the finalized prefabricated building is subsequently sold to the owner.



The supply of raw materials can be accomplished either through a sole supplier or by subcontracting with two suppliers. Consequently, suppliers have varying responsibilities depending on different supply structures.



We denote notations and descriptions in Table 1.



We propose the following assumptions before calculation, and some symbols are defined as follows for better understanding:




	(1)

	
All stakeholders in the PCSC are rational with symmetrical information, so all of them will maximize their own profits to make a decision;




	(2)

	
  Q ( p ) = a − b p + d r  ; it is a linear demand function for the PC, which is commonly used in the marketing and operations research literature [45,47], where a denotes the maximum consumer demand which is large enough. The order quantity Q increases with r, and the preference coefficient of the prefabricated rate is d; as consumers pay more attention to the prefabricated level, the PC gets a greater order from the owner; Q decreases with p, and the price sensitivity is b.




	(3)

	
    C   r   =   h   r   2     2   ,   h > 0  . The function denotes the investment of prefabrication technology for the manufacturer. Since increasing the prefabricated rate requires lots of technical investment such as structural design and trials, the technology’s investment will grow in a quadratic form [50]. Similar cost functions have been widely used in prior literature [52,53].




	(4)

	
  p >   w   2   r +   w   1     1 − r   >   c   1     1 − r   +   c   2    ,    p >   w   3   >   c   3    ,      w   2   >   w   1   +   c   2    , which ensures that members’ profits are positive. The market price cannot be guaranteed to exceed the wholesale price due to the prefabricated rate shunt effect (0 < r < 1).




	(5)

	
The parameters     c   1     and     c   3     represent the processing costs incurred by suppliers in extracting natural resources and transforming them into raw materials. Ji et al. indicated that the utilization of prefabrication may compromise the structural integration of buildings [54]. Compared to cast-in-place components, prefabricated components have higher quality standards, which means that the production of prefabricated components requires better processes and higher-quality raw materials [55]. Moreover, Hong et al. pointed out that the manufacturer incurs significant expenditures for initial manufacturing costs including new machineries, prefabricated molds, and factories [17]. Therefore, we assume     c   2   >   c   1   >   c   3    .




	(6)

	
To avoid triviality, this paper solely focuses on the revenue generated from the PC’s sales of finished products, while disregarding the assembly cost as it has no effect on the conclusion of the models. Similar settings can be found in the literature [25,56].









3.1. Single-Supplier Stackelberg Model (S)


In the S model, there is only one supplier, supplier 1, which will provide not only non-fabricated materials for the PC but also prefabricated materials for the manufacturer. Afterwards, the manufacturer has to finish the prefabricated parts’ manufacturing, and there is investment on the prefabrication technology’s improvement. Finally, the PC integrates the prefabricated and non-prefabricated components into a cohesive entity on-site, with the finished product being marketed to the building developer. From the Stackelberg model, the manufacturer decides the optimal wholesale price of prefabricated components, which we denote as     w   2   S *    ; then, supplier 1 makes a decision on the wholesale price of materials (both non-prefabricated and prefabricated materials). We denote the optimal price as     w   1   S *    . Ultimately, the PC decides the sale price, which is denoted as     p   S *    . The structure of the S model is shown in Figure 1.



It is realistic that many manufacturers have the monopoly on prefabricated components’ production technology, making them dominant in the PCSC. Therefore, in the Stackelberg model, we assume that the manufacturer acts as a leader, while the PC and supplier are followers. Profit functions of the PC, the manufacturer, and supplier 1 under the S model can be expressed as:


    M a x   π   P C     p   = p Q −   w   1     1 − r   Q −   w   2   r Q  



(1)







In Equation (1), the first term represents the revenue from selling prefabricated buildings; the second term represents the non-prefabricated materials from supplier 1 to the PC, and the third term represents the cost on purchasing prefabricated components from the manufacturer.


    M a x   π   M       w   2     =     w   2   −   w   1   −   c   2     r Q −   1   2   h   r   2    



(2)







The first term includes the revenues of selling prefabricated components to the PC minus the costs of prefabricated raw materials and manufacturing. The second term means the investment of improving the prefabrication technology.


      M a x π     S   1         w   1     =     w   1   −   c   1     Q  



(3)







Equation (3) represents the revenue of selling all materials minus the production cost for supplier 1.



Optimal Decisions under S Structure


As followers in the S model, the PC and supplier 1 make decisions only after the manufacturer decides the optimal wholesale price. Therefore, optimal decisions in the decentralized model are solved using the Backward Induction Method, and we first find optimal reaction functions of followers, and then the optimal pricing decision of the leader is found. The optimal pricing decisions of three stakeholders are as follows:



Proposition 1.

    w   1   S *   =   2 Ψ − b ( 3   c   1   r − 4   c   1   + 2   c   2   r )   3 b   2 − r     ,       w   2   S *   =     r + 2   Ψ + b ( 1 − r ) [   c   1     3 r − 2   + 4 r   c   2   ]   3 b r   2 − r       ,       p   S *   =     5 − 2 r   Ψ +   1 − r     b   c   1   + b   c   2   r     3 b   2 − r      .





Here,   Ψ = a + d r  . The proof is provided in Appendix A.



In order to prove the existence of an optimal point in the function, the second partial derivative can be solved; if it is negative, the function has a maximum (optimal) value. This method has been widely used in similar pricing decision-making research for enterprises in the supply chain. In the S model, stakeholders’ profit functions are concave; therefore, optimal decisions exist. We get optimal pricing when the first partial derivative is equal to zero. Substituting optimal solutions into (1)–(3), members’ optimal profits are as follows:


    π   Μ   S *   =   ( 1 − r )   [ a + d r − b (   c   1   +   c   2   r ) ]   2     9 b ( 2 − r )   −   h   r   2     2    



(4)






    π   P C   S *   =     ( 1 − r )   2     [ a + d r − b     c   1   +   c   2   r   ]   2     9 b   ( 2 − r )   2      



(5)






    π   S   S *   =   2   1 − r       a + d r − b     c   1   +   c   2   r       2     9 b   ( 2 − r )   2      



(6)






    π   S C   S *   =   2   1 − r     5 − 2 r         a + d r   − b     c   1   +   c   2   r       2     18 b     2 − r     2     −   h   r   2     2    



(7)







As an important parameter, the prefabricated rate influences different stakeholders’ order volume and profits. Hence, we discuss the influence of the prefabricated rate on stakeholders’ decisions variables.



Proposition 2.

(1)     ∂   p   S *     ∂ r   ≥ 0  ;     ∂   w   1   S *     ∂ r   ≥ 0  ; if   a − b     c   1   + 4   c   2     + 4 d < 0  , when   0 < r < 1  ,     ∂   w   2   S *     ∂ r   < 0  ; if   a − b     c   1   + 4   c   2     + 4 d > 0  , when   0 < r <   r   2    ,     ∂   w   2   S *     ∂ r   < 0  , when     r   2   ≤ r < 1  ,     ∂   w   2   S *     ∂ r   ≥ 0  ; (2)     ∂   p   S *     ∂ d   ≥ 0  ;     ∂   w   2   S *     ∂ d   ≥ 0  ;     ∂   w   1   S *     ∂ d   ≥ 0  .





The proof is provided in Appendix A.



From Proposition 2, firstly, the improvement in the prefabricated rate enhances the PC’s pricing decisions as order quantity increases with the prefabricated rate, which causes an increase in the sales price, so the marginal revenues for the PC are enhanced. Consequently, the supplier also enhances     w   1     to obtain higher revenues. When the price sensitivity of the owner remains below a certain threshold and the prefabricated rate is low, the manufacturer curbs the rate to promote an increase in pricing due to reduced technical costs. Conversely, a high prefabricated level attracts the owner but also leads to a significant rise in technology costs; thus, the manufacturer improves the wholesale price to ensure profitability. Therefore, a high level of prefabricated rate is helpful to the manufacturer to achieve a higher pricing decision. Furthermore, it is intuitive that enhancing owner preferences contributes positively towards higher pricing decisions regardless of the prefabricated rate. It should be noted that if consumers exhibit a high price sensitivity and possess minimal preference for assembly, reducing the prefabricated rate would benefit the manufacturer more.



This discussion confirms that improving the prefabricated rate is beneficial to enhancing pricing decisions. As we can see from the above result, a high preference makes the price increase with the rising rate; thus, the government should strengthen the owner’s attention and requirements on the prefabricated rate.



The relationships between decision variables and the prefabricated rate are discussed. Consequently, we investigate the relationships between profits and the prefabricated rate.



Proposition 3.

(1) When   h <     a + d r − b     c   1   +   c   2   r       − a +   d − b   c   2       4 +   2 r − 7   r   + b   c   1       9 b r     2 − r     2      ,     ∂   π   Μ   S *     ∂ r   > 0  . (2) When   d ≤ b   c   2    ,     ∂   π   S   S *     ∂ r   < 0  ;     ∂   π   P C   S *     ∂ r   < 0  . (3) When   d > b   c   2    , if   0 < r <   r   3   S   < 1  ,     ∂   π   S   S *     ∂ r   > 0  ; if   r ≥   r   3   S    ,     ∂   π   S   S *     ∂ r   < 0  ; if   0 < r <   r   4   P C   < 1  ,     ∂   π   P C   S *     ∂ r   > 0  ; if   r >   r   4   P C    or     r   4   P C   < 0  ,     ∂   π   P C   S *     ∂ d   < 0  .





Here,     r   3   S   =   − a + b   c   1   − 6   d − b   c   2     +    a − b     c   1   + 2   c   2     + 2 d     a − b     c   1   + 10   c   2     + 10 d      2   d − b   c   2       ,   r   4   P C   = 2 −    a − b   c   1     d − b   c   2     + 2   . The proof is provided in Appendix A.



Proposition 3 shows us that improving the prefabricated rate may not always yield increased revenues for all stakeholders. It is evident that the cost associated with prefabrication technology directly impacts manufacturers’ profits; thus, we recommend optimizing prefabrication techniques to minimize manufacturing costs. When the owner’s preference falls below a certain threshold, both the supplier’s and PC’s profits decrease proportionally. This can be attributed to an increase in production costs resulting from a higher prefabricated rate, prompting the leader to adjust pricing strategies for marginal revenues. However, the negative impact of price increases in orders that outweigh the positive effect of the rate increment, ultimately leading to the owner’s withdrawal. However, if the preference exceeds the threshold, profits initially increase but eventually decrease after r surpasses the threshold. Consequently, there exist optimal profit levels for both the supplier and PC. The rate increase leads to stakeholder profitability at a lower rate, but it becomes costly for stakeholders to remain profitable at a higher rate. Therefore, enterprises in the PCSC are advised to enhance consumers’ environmental awareness and preferences towards prefabricated buildings in order to stimulate an increase in order quantity with a corresponding rise in prefabricated rate. Nevertheless, it should be noted that an excessively high rate is not optimal for greater revenues.





3.2. Two-Supplier Stackelberg Model (T)


In practice, particularly during the construction phase, it is quite common for a PC to source prefabricated and non-prefabricated components from different suppliers due to the specialized nature of prefabrication manufacturing. This necessitates that each supplier meets specific qualification requirements and enters into separate contracts. Therefore, we will examine the case within a two-supplier framework.



Two suppliers are clear divisions of work. Supplier 1 only supplies the prefabricated raw materials to the manufacturer, while supplier 2 provides non-prefabricated raw materials for the PC directly. Similarly, the manufacturer produces and transfers prefabricated components to the PC. The PC assembles parts on the construction site and sells the finalized product to the owner. The T structure is shown in Figure 2.



When     w   3   =   w   1   ,   c   3   =   c   1    , the single-supplier structure could be a special case of the two-supplier structure. Similarly, in the Stackelberg model, the manufacturer acts as a leader, and the rest members are followers. The manufacturer takes the lead to make a decision on     w   2    . Supplier 1 and supplier 2 make pricing decisions on     w   1     and     w   3    , respectively; then, the PC decides on the sale price p. All stakeholders are rational to maximize profits. Therefore, members’ profit functions can be expressed as:


    M a x   π   P C   Τ     p   = p Q −   w   3     1 − r   Q −   w   2   r Q  



(8)







The first term represents the revenue from selling prefabricated buildings; the second term represents the expenditure on non-prefabricated materials; the third term represents the payment to the manufacturer of prefabricated components.


    M a x   π     S   1     Τ       w   1     =     w   1   −   c   1     r Q  



(9)







Equation (9) represents the profit of supplier 1, which is equal to the revenue minus the production cost of prefabricated materials.


    M a x   π     S   2     Τ       w   3     =     w   3   −   c   3       1 − r   Q  



(10)







Equation (10) represents supplier 2’s revenues minus the cost of non-prefabricated materials.


    M a x   π   M   Τ       w   2     =     w   2   −   w   1   −   c   2     r Q −   h   r   2     2    



(11)







The first term represents the sales revenue minus the costs of prefabricated raw materials and manufacturing, and the second term represents the investment on prefabrication technology.



Optimal Decisions under T Structure


In the Stackelberg model, the manufacturer still acts as a leader. All profit functions are concave, so optimal decisions of members can be expressed as follows.



Proposition 4.

    w   1   T *   =   a − b   c   3   + d r + b r   5   c   1   −   c   2   +   c   3       6 b r    ,      w   2   T *   =   2 ( a − b   c   3   + d r ) + b r     c   1   +   c   2   + 2   c   3       3 b r    ,     w   3   T *   =   a + 5 b   c   3   + d r − b r (   c   1   +   c   2   + 5   c   3   )   6 b   1 − r      ,     p   T *   =   11 a + b   c   3   + 11 d r + b r (   c   1   +   c   2   −   c   3   )   12 b    .





The proof is provided in Appendix A. Backward Induction Method. The solving process is similar to Proposition 1.



Profit functions are concave in the T structure. Therefore, an optimal decision exists for all stakeholders. Substitute them in Equations (8)–(11); the members’ optimal profits under the two-supplier structure are as follows:


    π     S   1     T *   =   π     S   2     T *   =       a − b   c   1   r − b   c   2   r + b   c   3   r − b   c   3   + d r     2     72 b    



(12)






    π   Μ   Τ *   =       a − b   c   1   r − b   c   2   r + b   c   3   r − b   c   3   + d r     2     24 b   −   h   r   2     2    



(13)






    π   P C   T *   =       a − b   c   1   r − b   c   2   r + b   c   3   r − b   c   3   + d r     2     144 b    



(14)






    π   S C   Τ *   =   11     a − b   c   1   r − b   c   2   r + b   c   3   r − b   c   3   + d r     2     144 b   −   h   r   2     2    



(15)







From the results obtained under this model, we, surprisingly, find that supplier 1 and supplier 2 have the same optimal profits but different pricing decisions under the T structure.



As the important factor influencing pricing decisions, order quantity, and the degree of assembly, the prefabricated rate plays an essential role among stakeholders, so we next explore how the prefabricated rate affects decisions in under T structure.



Proposition 5.

    ∂   w   1   T *     ∂ r   < 0  ,     ∂   w   2   T *     ∂ r   < 0  ,     ∂   w   3   T *     ∂ r   > 0  ,     ∂   p   T *     ∂ r   > 0  .





The proof is provided in Appendix A.



In Proposition 5, when the prefabricated rate rises, supplier 1 and the manufacturer should decrease their wholesale prices, while supplier 2 and the PC should increase their prices. This is because an increase in the prefabricated rate leads to a higher order quantity for the prefabricated channel, allowing for supplier 1 and the manufacturer to lower their prices accordingly. Conversely, due to a smaller order quantity, increasing     w   3     ensures profitability for supplier 2. As a direct material supplier to the PC, an improvement in     w   3     prompts the PC to raise its sale price in order to maintain marginal revenues.



The sensitivity analysis of decision variables in the T structure is examined above, and we now explore the sensitivity analysis between profits and the prefabricated rate in the following proposition.



Proposition 6.

(1) If   h ≤     b     c   1   +   c   2   −   c   3     − d     b     c   3     1 − r   +     c   1   +   c   2     r   − a − d r     12 b r    ,     ∂   π   Μ   Τ *     ∂ r   ≥ 0  ; if   h >     b     c   1   +   c   2   −   c   3     − d     b     c   3     1 − r   +     c   1   +   c   2     r   − a − d r     12 b r    ,     ∂   π   Μ   Τ *     ∂ r   < 0  ; (2) If   d ≥ b (   c   1   +   c   2   −   c   3   ) ,     ∂   π     S   1     T *     ∂ r   ≥ 0  ,     ∂   π     S   2     T *     ∂ r   ≥ 0 ,     ∂   π   P C   T *     ∂ r   ≥ 0  ; if   d < b (   c   1   +   c   2   −   c   3   )  ,     ∂   π     S   1     T *     ∂ r   < 0  ,     ∂   π     S   2     T *     ∂ r   < 0  ,     ∂   π   P C   T *     ∂ r   < 0  .





The proof is provided in Appendix A.



From Proposition 6, the influence of the prefabricated rate on the followers’ profits is contingent upon their preference, while for the manufacturer, it depends on the cost coefficient. It is evident that as the cost of the prefabrication technology increases, the manufacturer experiences diminishing benefits with an increasing prefabricated rate. However, when the preference is over   d ≥ b (   c   1   +   c   2   −   c   3   )  , indicating the active promotion of prefabricated construction by the government, owners tend to place larger orders with a higher prefabricated rate. Secondly, the profits of two suppliers increase with the prefabricated rate. It can be explained that the increases in the preference are more than the decline in price sensitivity in order quantity; then, suppliers and the PC benefit more from the increasing prefabricated rate. Conversely, if there is a weak preference for a higher prefabricated rate, the order quantity will decrease due to rising prices, causing owners to opt out of the PCSC, which causes loss in the profits of suppliers and the PC. For manufacturers, profits are directly linked to the cost of prefabrication technology. Therefore, it is imperative for governments to promote prefabricated construction and provide incentives aimed at improving owners’ preferences towards this mode of construction.





3.3. Dual-Channel Stackelberg Model with Two Suppliers (DT)


In practice, the supplier’s division of supply work is not clearly delineated. Therefore, we investigate how supplier 1 supplies prefabricated and non-prefabricated materials for the manufacturer or PC in this section. Considering the non-prefabricated order quantity as     1 − r   Q   and the prefabricated materials order quantity as   r Q  , we introduce an allocation proportion φ to represent the ratio of non-prefabricated materials’ supply besides the prefabricated materials   r Q  , which is     1 − r   Q φ   for supplier 1. Consequently, the remaining non-prefabricated materials are obtained from supplier 2, which accounts for a quantity of     1 − r   Q ( 1 − φ )  . The structural relationship of the DT structure is shown in Figure 3.



In the DT model, the manufacturer is still the leader in the prefabrication technology and decides the prefabricated components’ price (    w   2    ). Suppliers 1 and 2 submit their mission of supplying raw materials to the manufacturer or PC, and they have to make decisions after the leader’s decision. The stakeholders in the DT structure face the following profit function:


    M a x   π   P C   D Τ     p   = p Q −   w   1   ( 1 − r ) φ Q −   w   3     1 − r   Q   1 − φ   −   w   2   r Q  



(16)







The first term of Equation (16) is the profit from selling assembled products; the second term represents the cost of purchasing part of the non-prefabricated materials from supplier 1, and the third term represents the cost of purchasing the remaining part, and the last term represents the cost of prefabricated components.


    M a x   π     S   1     D Τ       w   1     =     w   1   −   c   1       Q r + Q   1 − r   φ    



(17)







Equation (17) represents supplier 1’s revenues minus the production cost of the prefabricated materials and part of the non-prefabricated materials.


    M a x   π     S   2     D Τ       w   3     =     w   3   −   c   3       1 − r   Q   1 − φ    



(18)







Equation (18) represents supplier 2’s revenues minus the cost of the rest of the non-prefabricated materials.


    M a x   π   M   D Τ       w   2     =     w   2   −   w   1   −   c   2     r Q −   h   r   2     2    



(19)







The first term represents the revenue minus the costs of procuring the prefabricated materials and manufacturing. The second term is the investment in prefabricated technology.



Optimal Decisions under DT Structure


In the dual-channel structure with two suppliers, the manufacturer is still the leader. The PC and two suppliers make decisions after the leader’s pricing decision. In this model, the optimal pricing decisions of different stakeholders are shown in proposition 7.



Proposition 7.

    w   1   D T *   =   a + d r − b     c   3   ( 1 − r ) −   c   1   r +   c   2   r +   5   c   1   +   c   3       − 1 + r   φ     2 b   r + 3   1 − r   φ      ;     w   2   D T *   =   12 r [ a − b   c   3     1 − r   + d r ] + φ   1 − r   [ 3 ( a − b   c   3   + d r ) + b     c   1   + 3   c   2   + 5   c   3     r ] + 3 b     c   3   −   c   1       ( 1 − r )   2     φ   2     2 b r [ r + 3   1 − r   φ ]    ;     w   3   D T *   =   2 b   c   3   r + φ   a + 5 b   c   3   − b     c   1   +   c   2   + 7   c   3     r + d r   − b   φ   2   (   c   1   + 5   c   3   ) ( 1 − r )   2 b   1 − φ     r + 3   1 − r   φ      ;     p   D T *   =   4 r ( a + d r ) + φ ( 1 − r ) { 11   a + d r   + b     c   3   +     c   1   +   c   2     r −   c   3   r   } + b (   c   1   −   c   3   )   ( 1 − r )   2     φ   2     4 b [ r + 3   1 − r   φ ]    .





The proof is provided in Appendix A.



Similarly, Backward Induction Method. We can get optimal decisions on pricing which we denote as     w   1   D T *   ,   w   2   D T *   ,   w   3   D T *   ,   p   D T *    . Therefore,     Q   D T *   =   φ   a + d r − b     c   3     1 − r     1 − φ   + r     c   1   +   c   2   +   c   1   φ         4   1 + 3 φ      ; then, substitute the optimal decisions and quantity into the profits function, obtaining the profits of the stakeholders are as follows:


    π   P C   D T *   =     ( 1 − r )   2     φ   2     { a + d r − b     c   2   r +   c   3     1 − r     1 − φ   +   c   1     r + φ − r φ     }   2     16 b   [ r + 3 φ   1 − r   ]   2      



(20)






    π   M   D T *   =   ( 1 − r ) φ   { a + d r − b [   c   2   r +   c   3     1 − r     1 − φ   +   c   1     r + φ − r φ   ] }   2     8 b [ r + 3 φ   1 − r   ]   −   h   r   2     2    



(21)






    π     S   1     D T *   =   φ   1 − r   [ r   1 − φ   + φ ]   { a + d r − b     c   2   r +   c   3     1 − r     1 − φ   +   c   1     r + φ − r φ     }   2     8 b   [ r + 3 φ   1 − r   ]   2      



(22)






    π     S   2     D T *   =       φ   2   ( 1 − r )   2     { a + d r − b [   c   2   r +   c   3     1 − r     1 − φ   +   c   1     r + φ − r φ   ] }   2     8 b   [ r + 3 φ   1 − r   ]   2      



(23)







Proposition 7 shows that stakeholders’ profit functions under the DT structure are concave, so there exist optimal decisions for all stakeholders. The prefabricated rate, as one of the important factors, greatly influences pricing decisions. Similarly, we discuss the influence of prefabricated rate on decisions.



Proposition 8.

(1) When   d >   d   1   D T    ,     ∂   w   1   D T *     ∂ r   > 0  ,     ∂   w   3   D T *     ∂ r   > 0  ;  (2) when   d >   d   2   D T    ,     ∂   p   D T *     ∂ r   > 0  ;  as     d   1   D T   > 0  , when     1   3   < φ < 1  ,     b > b   1   D T   =   a   3 φ − 1       2   c   1   + 3   c   2   +   c   3     φ −   c   3     > 0  , when       c   3     2   c   1   + 3   c   2   +   c   3     < φ <   1   3    ,     b   1   D T   < 0  , no restriction on   b  ; when   0 < φ <     c   3     2   c   1   + 3   c   2   +   c   3      ,   0 < b <   b   1   D T   ;    (3) when   d >   d   3   D T    ,     ∂   w   2   D T *     ∂ r   > 0  .





Where     d   1   D T   =   a − b   c   3   − 3 a φ + b ( 2   c   1   + 3   c   2   +   c   3   ) φ   3 φ    ,     b   1   D T   =   a   3 φ − 1       2   c   1   + 3   c   2   +   c   3     φ −   c   3      ,     d   2   D T   =   φ ( − a + b (   r   2   − 2 ( − 1 + r ) ( − 1 + 2 r ) φ + 3   ( − 1 + r )   2     φ   2   )   c   1   + b (   r   2   − 3   ( − 1 + r )   2   φ )   c   2   − b ( − 1 + r ) ( − 1 + φ ) ( − 1 − r + 3 ( − 1 + r ) φ )   c   3   )   4   r   2   + ( 24 − 23 r ) r φ + 33   ( − 1 + r )   2     φ   2      ,     d   3   D T   =   2   a − b   c   3       r   2   + r φ   a   6 − 9 r   − 6 b   c   3   + b     c   1   + 3   c   2   + 8   c   3     r   + 3   r − 1     b   c   3     3 − 5 r   + 3 a   r − 1   + 2 b   c   1   r     φ   2   + 9 b     c   3   −   c   1         1 − r     2     φ   3     3   r   2   φ    .



The proof is provided in Appendix A.



Proposition 8 implies that suppliers, the PC, and the manufacturer’s decisions are closely correlated with the owner’s preference, price sensitivity, and supply allocation of non-prefabricated materials. If the owner pays low attention to the prefabricated rate, the two suppliers will cut wholesale prices to keep marginal revenues. Moreover, if only the owner’s preference exceeds a threshold, the two suppliers are motivated to improve wholesale prices, despite the price sensitivity being high. When the PC strengthens cooperation with supplier 1, φ is in   (   1   3   , 1 )  , and the price sensitivity is above the threshold     b   1   D T    ; the threshold     d   1   D T     is positive, which means that the supplier’s pricing is influenced by the prefabricated rate preference. For the manufacturer, the preference directly influences sensitivity. When the preference exceeds     d   3   D T    , the wholesale price of the manufacturer increases with the prefabricated rate. Conversely, the manufacturer will decrease     w   2   D T *     when the prefabricated rate increases.



In the DT structure, the order quantity is influenced by not only the prefabricated rate but also the allocation of non-prefabricated parts. The, above results also prove this, showing that the supply allocation has a great influence on members’ sensitivity to prefabricated rate. Therefore, we next explore the influence of the supply allocation φ on members’ decisions.



Proposition 9.

(1)     ∂   w   1   D T *     ∂ φ   < 0  ; (2)     ∂   w   2   D T *     ∂ φ   < 0  ; (3) If   d >   d   4   D T    ,     ∂   w   3   D T *     ∂ φ   > 0  ; when   b >   b   2   D T    ,     d   4   D T   > 0  ; (4) If   d >   d   5   D T    ,     ∂   p   D T *     ∂ φ   < 0  ; when   b >   b   3   D T    ,     d   5   D T   > 0  .





Where     d   4   D T   =   r   a − b   c   3   − b     c   1   +   c   2   −   c   3     r   + 2 b r φ     c   1   −   c   3       − 1 + r   +   − 1 + r     φ   2     − 3 a − b   c   1     − 3 + r   + b   3   c   2   +   c   3     r     r   − r + 3   − 1 + r     φ   2        ,     b   2   D T   =   a   r + 3   1 − r     φ   2           c   1   +   c   2       r   2   +   c   3     1 − r   r     1 − φ     2   + 2   c   1     1 − r   r φ +   1 − r       c   1     3 − r   + 3   c   2   r     φ   2      ,     d   5   D T   =   − a r + b   r     c   3   +     c   1   +   c   2     r −   c   3   r   + 2 r φ     c   1   −   c   3       1 − r   + 3     c   1   −   c   3         1 − r     2     φ   2         r   2      ,     b   3   D T   =   a r   r [   c   3   +     c   1   +   c   2     r −   c   3   r ] + 2 (   c   1   −   c   3   ) ( 1 − r ) r φ + 3 (   c   1   −   c   3   )   ( 1 − r )   2     φ   2      . The proof is provided in Appendix A.



From Proposition 9, it is surprising that the wholesale of supplier 1 decreases with φ, despite supplier 1 having a larger share from the PC. This can be attributed to the fact that an increase in the order quantity renders supplier 1 more profitable. To foster collaboration with the PC, supplier 1 intends to reduce the wholesale price. Additionally, the manufacturer’s wholesale price also exhibits a decrease with φ. As the upstream enterprise, the manufacturer will decrease the wholesale price     w   2     in response to supplier 1′s reduction in wholesale price. Although supplier 2 is compelled to divest a portion of the order quantity, when the owner’s preference for prefabricated construction is high, supplier 2 should augment     w   3     to maximize marginal revenues. However, when the owner does not pay much attention to prefabricated rate,     w   3     decreases with the proportion. Furthermore, as the owner’s preference for prefabricated buildings decreases, the PC’s pricing strategy experiences an increase in response to the growth of φ. This can be attributed to supplier 1 offering non-assembly parts at a higher wholesale price compared to supplier 2. As the PC strengthens its collaboration with supplier 1, the rise in prefabrication costs compels the PC to raise prices in order to offset the incurred loss.



In summary, when the PC strengthens partnerships with supplier 1, different stakeholders adopt distinct operational strategies for pricing decisions. The supplier 1 and the manufacturer reduce wholesale prices in response to increasing order quantities. For supplier 2, enhancing the owner’s attention to prefabricated rates and promoting environmental awareness are more advantageous for improving wholesale prices, while it is the contrary case for the PC.






4. Numerical Analysis


In this section, we present the numerical analysis to illustrate the theoretic results obtained above and the impact of prefabricated rate on operational decisions. We assume that   a = 2000 ,   b = 10 ,     c   1   = 20 ,     c   2   = 100 ,     c   3   = 10 ,   h = 400 ,   a n d   d = 2000  . Similar numerical studies are widely used in the literature, such as Jiang and Yuan [45].



4.1. The Impact of Prefabricated Rate on Pricing Decisions in S and T Structures


According to Figure 4a, the sale price p and wholesale price     w   1     increase with the prefabricated rate under the S structure, thus increasing the prefabricated rate is helpful for the PC and supplier to improve pricing decisions, while the wholesale price     w   2     decreases firstly and then increases with the prefabricated rate, which is theoretical discussed in proposition 2; there is a threshold of prefabricated rate for the manufacturer. Therefore, only enhancing the prefabricated rate above a threshold will promote three stakeholders’ higher pricing. Furthermore, as the prefabricated rate approaches 1, the price increments of the supply chain members diminish in accordance with the economic principle of diminishing marginal benefits.



Figure 4b illustrates the sensitivity of prices and the prefabricated rate after the introduction of supplier 2. Similarly, the PC’s price increases with the prefabricated rate. However, when supplier 1 independently supplies prefabricated materials, the wholesale price     w   1     decreases with the rate in the T structure, and     w   2     does not experience an increase, which is different from the S structure. Supplier 2, responsible for non-prefabricated materials, will increase     w   3     with the prefabricated rate. The same theoretical results are proven in proposition 5. When the rate approaches 1, supplier 2’s pricing experiences a significant surge due to the decrease in orders for non-prefabricated components. In order to prevent being excluded from the supply chain, supplier 2 resorts to substantially increasing its prices.



In the S and T structures, we find that the leader makes the highest pricing decision, but as the rate approaches an extremely high level in the T structure, supplier 2 performs the highest price. Moreover, within a moderate range of rates, both     w   2     and   p   exhibit greater values in the T structure. Therefore, in the T structure, it is not advisable to have extremely low or high levels of prefabricated rates due to significant differences in pricing decisions, which may result in reduced marginal revenues for certain stakeholders.




4.2. The Impact of Prefabricated Rate on Profits in S and T Structures


The relationships between stakeholders’ profits and the prefabricated rate are revealed in Figure 5a. Although the manufacturer assumes a dominant position in terms of pricing and market leadership, it does not necessarily yield the highest profits in the PCSC. Surprisingly, it is the supplier who reaps the greatest financial gains, while the PC’s profitability remains comparatively lower. Consequently, the PCSC with a single supplier deviates from conventional supply chains where the dominant entity retains higher profit margins. Furthermore, the profits of the PC decline with the prefabricated rate, while both the manufacturer and supplier identify their optimal rates to maximize profitability. Notably, the supplier’s optimal prefabricated rate surpasses that of the manufacturer. As r approaches 1, profit reductions occur more rapidly, indicating that excessively high levels of prefabrication are not advantageous in the S structure. Rather, a moderate rate is deemed feasible for the PCSC with an S structure.



After incorporating supplier 2 into the PCSC, Figure 5b reveals the correlation between stakeholders’ profits and the prefabricated rate. Both suppliers exhibit similar profit trends, with the manufacturer attaining the highest profits, while the PC’s profits remain comparatively lower. Additionally, all stakeholders experience increasing profits as the prefabricated rate rises, confirming Proposition 6. Therefore, the T structure is more conducive to the long-term stable development of the prefabricated construction industry in practice. We recommend that the manufacturer enhances the prefabricated rate to benefit the PCSC in the T structure.




4.3. The Impact of Prefabricated Rate and Supply Allocation in DT Structure


In Figure 6a, when   φ   is at a low level (supplier 1 has a low collaboration with the PC), the pricing decisions of two suppliers and the manufacturer decrease with the prefabricated rate, while only the PC’s   p   increases. However, in Figure 6b,c, there is a transition in sensitivity for the price changes of both suppliers from a decrease to an increase. Therefore,   φ   exists a threshold that makes the wholesale price of the two suppliers change with the trend of increasing prefabricated rate. Moreover, as   φ   goes up, supplier 1’s, the manufacturer’s, and the PC’s price drops, while supplier 2’s price increases, which meets the conclusion of Proposition 9.



With a higher   φ  , the pricing decisions of the PC exhibit minimal fluctuations. Despite the strengthened collaboration with supplier 1, particularly in terms of supply allocation, the PC’s pricing remains relatively stable. We can explain that even when   φ   undergoes changes, the non-prefabricated and prefabricated materials for the PC remain unchanged, resulting in negligible impact on its pricing.



Profits curve under the DT structure are presented in Figure 7: the PC’s and supplier 2’s decrease with the prefabricated rate, and supplier 1’s profits are concave, which can derive an optimal prefabricated rate. Moreover, the extreme point moves towards the upper right direction with φ, implying a greater optimal profit and rate. From the manufacturer, there is an overall downward trend in profits. With increasing φ, the manufacturer’s profit curve is more concave; thus, the optimal profits are greater. Also, for the supplier, the magnitude of the profit change increases with the prefabricated rate, and the extreme point gets greater. Thus, enhancing the supply allocation is beneficial to obtain greater optimal profits. However, when the rate approaches 1, the decline in the members’ profits gets faster, implying the fact that enhancing the prefabricated rate to an extremely high level is not beneficial for all stakeholders in the DT structure. Instead, a moderate rate is advisable. Moreover, there are optimal prefabricated rates for supplier 1 and the manufacturer, which provides practical guides for enterprises to maximize profits through deciding a proper rate in the PCSC.




4.4. Comparative Analysis among the Three Models


In the S structure, supplier 1 is responsible for the whole supply work, including prefabricated and non-prefabricated parts; thus, in the T and DT structures, we regard supplier 1 and supplier 2 as a whole entity. We denote the supplier’s profits under the T and DT structures as     π   s   T     and     π   s   D T    , respectively. In the DT model, we select the highest profit level (when   φ = 0.8  ) to compare with the other two models.



Figure 8 compares the profit levels of the PC, manufacturer, and supplier under the three structures, respectively. The intersection point of profit between the S and T structures always exists. When the prefabricated rate exceeds this intersection point, the profit of each member in the T structure will surpass that of the S structure. It is evident that the profits of all supply chain members are generally lower in the DT structure (  φ = 0.8  ) compared to the other two structures, except for supplier 1. Specifically, we analyze the profit difference between supplier 1 and supplier 2 in both the T and DT structures, as depicted in Figure 9. The selection of channels between the T and DT structures is available for supplier 1. Supplier 1 opts for the DT structure instead of the T structure only when it achieves a moderate prefabricated rate, indicating its higher inclination to collaborate with the PC. This preference arises due to the reinforcement of the order share for supplier 1 within the DT structure, leading to increased profitability. However, supplier 1 incurs higher production costs compared to supplier 2, resulting in a decrease in both the marginal revenue and profit for the manufacturer and PC. Additionally, as the order decreases, there is also a decline in revenue for supplier 2.



Figure 10 shows the profit curves for the three structural supply chains. It is visually evident from the figures that the profit curve of the DT model consistently remains at its lowest point, indicating a lower income generation. Therefore, it is advisable to avoid forming a DT structure by carefully considering the relationship among each member. If a DT structure is formed due to inter-member relationships, an increase in supplier 1’s sharing rate should be considered. Furthermore, the profit curves of the S and T models intersect at a specific point. When below this intersection, it is recommended to promote a supply chain with a single supplier contracting all raw materials. On the other hand, when above this intersection point, it is suggested to have two suppliers independently contracted for prefabricated and non-prefabricated materials. Currently, the lowest prefabricated rate in China is concentrated in 50% of all provinces, so the S structure is more applicable.





5. Conclusions and Future Research Directions


This paper examines a manufacturer-dominated PCSC consisting of suppliers, a manufacturer, and a PC, and considers the impact of consumer preferences for the prefabricated rate on the market demand and the diversion effect of the prefabricated rate on the supply chain. Additionally, we explore pricing decisions within three structural models (S, T, and DT models). The proposed model analytically and numerically illustrates some key channel strategies for choosing the structures for stakeholders. The main results and managerial insights are as follows:




	(1)

	
Under the S structure, the PCSC is with a single supplier. The only supplier shoulders both the prefabricated and non-prefabricated materials. All stakeholders have optimal pricing decisions and profits. Moreover, the owner’s preference greatly influences the sensitivity of profits; thus, an effective approach is to showcase the eco-friendly attributes of prefabricated buildings to consumers. If the PCSC adopts an S-structure model, a moderate prefabricated rate is advisable instead of a high level of rate. Currently, the lowest prefabricated rate in China is concentrated in 50% of all provinces; thus, indicating a higher applicability of the S structure.




	(2)

	
When two suppliers respectively shoulder the prefabricated and non-prefabricated materials’ supply, the T structure is formed. Firstly, improving the prefabricated rate is beneficial to the PC and supplier 2 but detrimental to supplier 1 and the manufacturer in enhancing pricing decisions. However, followers’ profits are related to the preference of the owner to the prefabricated rate; when the owner pays great attention to the prefabricated rate because of the consuming market or government’s policies, the prefabricated rate’s enhancement is profitable to followers. As for the leader, the manufacturer’s profits are associated with the investment in prefabrication technology. Improving independent research and technical efficiency are suggested to improve the consumers’ satisfaction and members’ revenues. If the PCSC adopts a T-structure model, enterprises should avoid extremely low or high prefabricated rates due to the significant difference in pricing decision. However, from an enterprise profit perspective, increasing the prefabricated rate leads to higher profits for all stakeholders in the supply chain. Therefore, the T structure is more conducive to the long-term stable development of the prefabricated construction industry in practice.




	(3)

	
When there are no longer independent divisions of supply, supplier 1 will shoulder some of the non-prefabricated materials besides prefabricated materials, while the other has less close cooperation and shoulders the rest non-prefabricated materials. In the DT structure, the dominant manufacturer gains the greatest profits. If the PC has a close supplier, allocating a larger proportion of non-prefabricated parts to supplier1 would yield higher profitability for stakeholders involved in prefabrication. Moreover, though the high prefabricated rate improves pricing for most members except the manufacturer, it hurts members’ revenues. Therefore, it is advisable to maintain a moderate prefabricated rate.









From the stakeholders’ perspective, in terms of channel selection, it is recommended to carefully consider the relationship between each member and avoid forming the DT structure since it yields lower profits for supply chain members (PC, manufacturer, and supplier 2) compared to the S structure and T structure. If a DT structure is formed due to members’ relationships, the PC should consider strengthening cooperation with supplier 1 to enhance profitability for all parties involved. Changes in material supply structures have minimal impact on the PC’s pricing as both prefabricated and non-prefabricated materials remain consistent regardless of the supply structure. When the prefabricated rate is moderate, supplier 1 will opt for the DT structure instead of the T structure. In order to ensure the highest profit in the supply chain, the manufacturer should choose the T structure or the DT structure as two supply modes.



This study has several limitations and opportunities for a future extension. Firstly, the model in our study considers one prefabricated company, one manufacturer, and two suppliers; however, it is more realistic to include multiple manufacturers throughout the entire life cycle of prefabricated buildings. Secondly, the government plays a crucial role in implementing prefabricated buildings; thus, we should consider the government’s intervention measures [35,57]. Finally, carbon emissions occur during the production and prefabrication process of prefabricated buildings; henceforth, studying the influence of carbon policies on the prefabricated building supply chain would be valuable.
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Appendix A


Proof of Proposition 1.

As a follower, the PC has to make decisions only after the leader’s (manufacturer’s) decisions, which means in the backward induction, we should first solve the followers’ optimal reaction function. Because         ∂   2   π   P C   S     ∂   p   2     = − 2 b < 0  , implying that the optimal decision of   p   exits, and PC’s optimal reaction function can be solved when     ∂   π   P C   S     ∂ p   = 0  , which is     p   S       w   1   ,   w   2     =   a + b   − r   w   1   + r   w   2   +   w   1     + d r   2 b    ; then,     Q   S       w   1   ,   w   2     =   a   2   −   b   − r   w   1   + r   w   2   +   w   1       2   +   d r   2    . At the same time, we should solve the optimal reaction function because of the dual-channel structure. Similar to the PC’s solving process, we have       ∂   2     π   S     ∂   w   1   2     = − b ( 1 − r ) < 0  , so the optimal decision can be found when     ∂   π   S     ∂   w   1     = 0  , which is     w   1   S       w   2     =   − a + b   c   1   r − b   c   1   + b r   w   2   − d r   2 b   r − 1      . As the leader, the manufacturer has superior power that makes a decision after observing the followers’ decisions. In other words, the manufacturer will find the optimal pricing decision based on the reaction functions of the PC and supplier. Substituting     Q   S       w   1   ,   w   2       and     w   1   S       w   2       into (2), we have the profit function     π   Μ   S   (   w   2   ,   w   1   )  . Because       ∂   2     π   Μ   S   (   w   2   ,   w   1   )   ∂   w   2   2     = −   b   r   2   ( r − 2 )   2   r − 1     < 0  , we can find an optimal     w   2   (   w   1   )   when         ∂   π   Μ   S         ∂   w   2     = 0  , which is     w   2   S   (   w   1   ) =   − 2 a − 2 d r + b   − 1 + r     − 2   w   1   + r     c   1   + 2   c   2   +   w   1         2 b ( − 2 + r ) r    . Simultaneously solving     w   1   S       w   2       and     w   2   S   (   w   1   )  , we will get optimal pricing decisions under the dual-channel structure with a single supplier, which are as follows:     w   1   S *   =   − 2 ( a + d r ) + b ( 3   c   1   r − 4   c   1   + 2   c   2   r )   3 b   r − 2     =   2 Ψ + 4 b   c   1   − b r ( 3   c   1   + 2   c   2   )   3 b   2 − r      ,     w   2   S *   =   −   r + 2     a + d r   + b ( r − 1 ) [   c   1     3 r − 2   + 4 r   c   2   ]   3 b r   r − 2     =     r + 2   Ψ + 2 b   c   1     1 − r   + b r   1 − r       3 c   1   + 4   c   2       3 b r   2 − r      . Then, substitute     w   1   S *     and     w   2   S *     into     p   S       w   1   ,   w   2      :     p   S *   =     2 r − 5     a + d r   +   r − 1     b   c   1   + b   c   2   r     3 b   r − 2     =     5 − 2 r   Ψ + b   1 − r       c   1   +   c   2   r     3 b   2 − r     .   □





Proof of Proposition 2.

In the single-supplier structure,   p >   w   2   >   w   1   >   c   1     and     w   2   >   w   1   +   c   1    . To ensure that the PC’s profit is positive, we have   p >   w   1     1 − r   +   w   2   r  ; then,   a − b     c   1   +   c   2   r   > 0  . Firstly,     ∂   p   S *     ∂ r   =   a + 2 d [ 5 +   − 4 + r   r ] + b   −   c   1   +   c   2   [ 2 +   − 4 + r   r ]     3 b   ( − 2 + r )   2      . It is easy to get that     ∂   p   S *     ∂ r   ≥ 0  . Secondly,     ∂   w   2   S *     ∂ r   =   − 4 a + 4 b   c   1   + r ( 4 a − 4 b   c   1   ) +   r   2   [ a − b     c   1   + 4   c   2     + 4 d ]   3 b   ( − 2 + r )   2     r   2      ; when it is equal to 0, we have     r   1   =   1     1   2   −    ( a − b   c   1   ) ( a − b (   c   1   + 2   c   2   ) + 2 d )     2    a − b   c   1           and     r   2   =   1     1   2   +    ( a − b   c   1   ) ( a − b (   c   1   + 2   c   2   ) + 2 d )     2    a − b   c   1          . If   a − b     c   1   + 4   c   2     + 4 d < 0  ,     r   1   > 1  ,     r   2   > 1  ; when   0 < r < 1  ,     ∂   w   2   S *     ∂ r   < 0  . If   a − b     c   1   + 4   c   2     + 4 d > 0  ,     r   1   < 0  ,     0 < r   2   < 1  ; when   0 < r <   r   2    ,     ∂   w   2   S *     ∂ r   < 0  ; when     r   2   ≤ r < 1  ,     ∂   w   2   S *     ∂ r   ≥ 0  . When   a − b     c   1   + 4   c   2     + 4 d > 0  , if   0 < b ≤   a     c   1   + 4   c   2      , there is no restriction on   d  , but if   b >   a     c   1   + 4   c   2      ,   d   has to satisfy   d >   − a + b   c   1   + 4 b   c   2     4    . Thirdly,     ∂   w   1   S *     ∂ r   =   2 [ a − b     c   1   + 2   c   2     + 2 d ]   3 b   ( − 2 + r )   2      , as we get     r   2   > 0  ; then,   a − b     c   1   + 2   c   2     + 2 d > 0  . Thus,     ∂   w   1   S *     ∂ r   > 0  . Fourthly, it is easy to prove     ∂   w   1   S *     ∂ d   =   2 r   3 b   2 − r     > 0  ;     ∂   w   2   S *     ∂ d   =   r + 2   3 b   2 − r     > 0  ;     ∂   p   S *     ∂ d   =   r   2 r − 5     3 b   r − 2     > 0  . □





Proof of Proposition 3.

     ∂   π   Μ   S *     ∂ r   =   1   9 b     − 2 + r     2       −   a − b   c   1       a − b   c   1   + 4 b   c   2   − 4 d   + 4     b   c   2   − d     2 a + b   − 2   c   1   +   c   2     − d   − 9 b h   r +   36 b h −   2 a − 2 b   c   1   + 7 b   c   2   − 7 d     b   c   2   − d       r   2   +   2     − b   c   2   + d     2   − 9 b h     r   3       





. If     ∂   π   M   S *     ∂ r   > 0 ,   0 < h <   −   a + d r − b     c   1   +   c   2   r       a +   d − b   c   2     [ − 4 +   7 − 2 r   r ] − b   c   1       9 b   ( − 2 + r )   2   r    .     ∂   π   P C   S *     ∂ r   =   2   1 − r     a − b   c   1   + ( d − b   c   2   ) r     ( d − b   c   2   )   r   2   − 4 ( d − b   c   2   ) r − ( a − b   c   1   − 2 d + 2 b   c   2   )     9 b     2 − r     3      ;     ∂   π   P C   S *     ∂ r   = 0   has solutions, and     r   1   = 1 ,     r   2   =   a − b   c   1     b   c   2   − d   ,     r   3   = 2 +      a − b     c   1   + 2   c   2     + 2 d     d − b   c   2        d − b   c   2     = 2 +    a − b   c   1     d − b   c   2     + 2  ,     r   4   = 2 −      a − b     c   1   + 2   c   2     + 2 d     d − b   c   2        d − b   c   2     = 2 −    a − b   c   1     d − b   c   2     + 2   . We have   a − b     c   1   +   c   2   r   > 0  ; then,   a − b   c   1   − b   c   2   + d > 0  . The positive/negative judgments of     ∂   π   P C   S *     ∂ r     and the range of   r   are displayed in Table A1.





 





Table A1. The positive/negative judgments of     ∂   π   P C   S *     ∂ r     and the range of   r  .






Table A1. The positive/negative judgments of     ∂   π   P C   S *     ∂ r     and the range of   r  .





	

	
      r   2   P C      

	
      r   3   P C      

	
      r   4   P C      

	
      ∂   π   P C   S *     ∂ r      






	
   d − b   c   2   = 0   

	
\

	
\

	
\

	
     2   1 − r       a − b   c   1       2     9 b     − 2 + r     3     < 0   




	
   d − b   c   2   < 0   

	
   > 1   

	
   > 1   

	
   > 1   

	
   −   




	
   d − b   c   2   > 0   

	
   < 0   

	
   < 1   

	
     r   4   P C   < 0   

	
   ( 0 ,   r   4   P C   )   

	
   (   r   4   P C   , 1 )   




	
   −   

	
   +   

	
   −   









    ∂   π   S   S *     ∂ r   =   2   a + d r − b     c   1   +   c   2   r         d − b   c   2       r   2   −   a + 6 d − b   c   1   − 6 b   c   2     r + 4 ( d − b   c   2   )     9 b   ( 2 − r )   3      . Under the assumption, there are solutions when     ∂   π   S   S *     ∂ r   = 0  , and     r   1   =   a − b   c   1     b   c   2   − d    ,     r   2   =   a − b   c   1   + 6 ( d − b   c   2   ) +    a − b     c   1   + 2   c   2     + 2 d     a − b     c   1   + 10   c   2     + 10 d      2   d − b   c   2        ,     r   3   =   − a + b   c   1   − 6   d − b   c   2     +    a − b     c   1   + 2   c   2     + 2 d     a − b     c   1   + 10   c   2     + 10 d      2   d − b   c   2        ; therefore, the positive/negative judgments of     ∂   π   S   S *     ∂ r     and the range of   r   are displayed in Table A2.





 





Table A2. The positive/negative judgments of     ∂   π   S   S *     ∂ r     and the range of   r  .






Table A2. The positive/negative judgments of     ∂   π   S   S *     ∂ r     and the range of   r  .





	
    r    

	
      r   1   S      

	
      r   2   S      

	
      r   3   S      

	
      ∂   π   S   S *     ∂ r      






	
   d − b   c   2   = 0   

	
\

	
\

	
\

	
     2 r     a − b   c   1       2     9 b     r − 2     3     < 0   




	
   d − b   c   2   < 0   

	
   > 1   

	
   < 0   

	
   < 0   

	
   −   




	
   d − b   c   2   > 0   

	
   < 0   

	
   > 1   

	
   ( 0,1 )   

	
     0 ,   r   3   S       

	
   (   r   3   S   , 1 )   




	
   +   

	
   −   









    ∂   π   S   S *     ∂ d   =   4 r   1 − r   [ a + d r − b     c   1   +   c   2   r   ]   9 b   ( − 2 + r )   2     > 0  ;     ∂   π   Μ   S *     ∂ d   =   2   1 − r   r [ a + d r − b (   c   1   +   c   2   r ) ]   9 b ( 2 − r )   > 0  ;     ∂   π   P C   S *     ∂ d   =   2   ( − 1 + r )   2   r [ a + d r − b     c   1   +   c   2   r   ]   9 b   ( − 2 + r )   2     > 0  . □



Proof of Proposition 4.

First, the profit of PC is a concave function in   p   because       ∂   2     π   P C   Τ     ∂   p   2     = − 2 b < 0  ; then,     ∂   π   P C   Τ     ∂ p   = 0  , and there is an optimal reaction, which is     p   T       w   2   ,   w   3     =   a + b   r   w   2   − r   w   3   +   w   3     + d r   2 b    . As     w   2   = β +   w   1    , we can substitute     w   2     in the     p   T       w   2   ,   w   3      ; then,     p   T     β ,   w   1   ,   w   3     =   a + b [ − r   w   3   + r     w   1   + β   +   w   3   ] + d r   2 b    , so we have     Q   T     β ,   w   2   ,   w   3      . Secondly, we have two suppliers’ second derivative respectively.       ∂   2     π     S   2     Τ     ∂   w   3   2     = − b     r − 1     2   < 0  ,       ∂   2     π     S   1     Τ     ∂   w   1   2     = − b   r   2   < 0  . Both suppliers have optimal reaction functions when the first partial derivatives satisfy     ∂   π     S   2     Τ     ∂   w   3     = 0   and     ∂   π     S   1     Τ     ∂   w   1     = 0  , so           w   3   T       w   1   , β   =   − a + b   c   3   r − b   c   3   + b r   w   1   + b r β − d r   2 b   r − 1             w   1   T       w   3   , β   =   a + b r     c   1   +   w   3   − β   − b   w   3   + d r   2 b r          . Next, we solve simultaneous equations, which are           w   1   T   ( β ) =   a   3 b r   +   2   c   1     3   +     c   3     3   −     c   3     3 r   −   β   3   +   d   3 b           w   3   T *   ( β ) =   − a + b   c   1   r + 2 b   c   3   r − 2 b   c   3   + b r β − d r   3 b   r − 1            . Bringing the two decisions into     w   2   , p , Q  , and Equation (11), we find       ∂   2     π   M   Τ     β     ∂   β   2     = −   b   r   2     3   < 0  ; thus, the optimal margin profit for the manufacturer has     ∂   π   M   Τ     β     ∂ β   = 0  , so     β   T *   =   a   2 b r   −     c   1     2   +     c   2     2   +     c   3     2   −     c   3     2 r   +   d   2 b    . Substituting     β   T *     in the optimal decisions, we can get decisions under the two-supplier structure:     w   1   T *   =   a − b   c   3   + d r + b r   5   c   1   −   c   2   +   c   3       6 b r    ,      w   2   T *   =   2 a   3 b r   +     c   1     3   +     c   2     3   +     2 c   3     3   −   2   c   3     3 r   +   2 d   3 b   =   2 ( a − b   c   3   + d r ) + b r     c   1   +   c   2   + 2   c   3       3 b r    ,     w   3   T *   =   a + 5 b   c   3   + d r − b r (   c   1   +   c   2   + 5   c   3   )   6 b   1 − r      ,     p   T *   =   11 a + 11 d r + b   c   3   + b r (   c   1   +   c   2   −   c   3   )   12 b    . □





Proof of Proposition 5.

    ∂   w   1   T *     ∂ r   = −   a − b   c   3     6 b   r   2     < 0  ,     ∂   w   2   T *     ∂ r   = −   2 ( a − b   c   3   )   3 b   r   2     < 0  ,     ∂   w   3   T *     ∂ r   =   a − b (   c   1   +   c   2   ) + d   6 b     r − 1     2     > 0  ,     ∂   p   T *     ∂ r   =   b (   c   1   +   c   2   −   c   3   ) + 11 d   12 b   > 0  . □





Proof of Proposition 6.

    ∂   π     S   1     T *     ∂ r   =   ∂   π     S   2     T *     ∂ r   =   [ b     c   1   +   c   2   −   c   3     − d ]   b     c   3     1 − r   +     c   1   +   c   2     r   − a − d r     36 b    ,     ∂   π   Μ   Τ *     ∂ r   = − h r +   [ b     c   1   +   c   2   −   c   3     − d ]   b   c   3   − a − r   d − b     c   1   +   c   2   −   c   3           12 b    ,     ∂   π   P C   T *     ∂ r   =   [ b     c   1   +   c   2   −   c   3     − d ]   b   c   3   − a − r   d − b     c   1   +   c   2   −   c   3           72 b    . As     c   2   >   c   3   ,   c   2   >   c   1    , for positive revenues of stakeholders, we have premises that     w   2   >   w   1   +   c   2   >   c   1   +   c   2    ,   p >   w   3     1 − r   +   w   2   r  ,   p >   w   3   >   c   3    , so   a − b     c   3     1 − r   +     c   2   +   c   1     r   > 0  .     ∂   π     S   1     T *     ∂ r    ,     ∂   π     S   2     T *     ∂ r    , and     ∂   π   P C   T *     ∂ r     have the same molecule, and the denominators are greater than 0; then, we only analyze   [ b     c   1   +   c   2   −   c   3     − d ]   b   c   3   − a − r   d − b     c   1   +   c   2   −   c   3          . Therefore, when   b >   d     c   1   +   c   2   −   c   3      ,     b     c   1   +   c   2   −   c   3     − d     b   c   3   − a − r   d − b     c   1   +   c   2   −   c   3         < 0  ; then,     ∂   π     S   1     T *     ∂ r   =   ∂   π     S   2     T *     ∂ r   < 0  ,     ∂   π   P C   T *     ∂ r   < 0  ; when   b ≤   d     c   1   +   c   2   −   c   3      ,     ∂   π     S   1     T *     ∂ r   =   ∂   π     S   2     T *     ∂ r   ≥ 0  ,     ∂   π   P C   T *     ∂ r   ≥ 0  . Similarly, when   h ≤     b     c   1   +   c   2   −   c   3     − d     − a − d r + b     c   3   +     c   1   +   c   2     r −   c   3   r       12 b r    ,     ∂   π   Μ   Τ *     ∂ r   ≥ 0  ; when   h >     b     c   1   +   c   2   −   c   3     − d     − a − d r + b     c   3   +     c   1   +   c   2     r −   c   3   r       12 b r    ,     ∂   π   Μ   Τ *     ∂ r   < 0  . □





Proof of Proposition 7.

First of all, according to Equation (12),       ∂   2     π   P C   D T     ∂   p   2     = − 2 b < 0  ,     π   P C   D T     is a concave function about   p  , so there is an optimal solution. When     ∂   π   P C   D T *     ∂ p   = 0  , the optimal reaction function is   p     w   1   ,   w   2   ,   w   3     =   a + b   − r   w   1   φ + r   w   2   + r   w   3   φ − r   w   3   +   w   1   φ −   w   3   φ +   w   3     + d r   2 b    . Bringing it back to     Q   D T       w   1   ,   w   2   ,   w   3      , as (13) and (14), we find the second partial derivatives     ∂   π     S   1     D Τ     ∂   w   1   2     = − b r ( 1 − r ) φ − b φ ( 1 − r ) ( 1 − r ) φ < 0  ,     ∂   π     S   2     D Τ     ∂   w   3   2     = − b     1 − r     2       φ – 1     2   < 0  . Hence, supplier 1 and supplier 2 have concave functions of decision variables, where the optimal reaction functions are     w   1   D T       w   2   ,   w   3     =   − a + b   c   1   φ ( r − 1 ) + b r   w   2   + b r   w   3   φ − b r   w   3   − b   w   3   φ + b   w   3   − d r   2 b φ   r − 1       and     w   3   D T       w   1   ,   w   2     =   a + b   c   3   r φ − b   c   3   r − b   c   3   φ + b   c   3   + b r   w   1   φ − b r   w   2   − b   w   1   φ + d r   2 b ( 1 − φ ) ( 1 − r )    . Consequently,      w   1   D T       w   2   ,   w   3       and       w   3   D T       w   1   ,   w   2       are simultaneously solved, so     w   1   D T       w   2     =   a + d r − b     c   3   −   c   3   r + r   w   2   +   2   c   1   +   c   3       − 1 + r   φ     3 b ( 1 − r ) φ    ,    w   3   D T       w   2     =   1   3       c   1   + 2   c   3   +   a − b   c   1     1 − r   − b r   w   2   + d r   b   1 − r     1 − φ        . Bring     w   1   D T       w   2     ,     w   3   D T   (   w   2   )   into     Q   D T       w   1   ,   w   2   ,   w   3      ; then, based on Equation (15), we get the second derivative of     w   2           ∂   2     π   M   D Τ     ∂   w   2   2     = −   b   r   2   [ r + 3 φ   1 − r   ]   9 ( 1 − r ) φ   < 0  . When     ∂   π   M   D Τ     ∂   w   2     = 0  ,     w   2   D T *   =   12 r [ a − b   c   3     1 − r   + d r ] + φ   1 − r   [ 3 ( a − b   c   3   + d r ) + b     c   1   + 3   c   2   + 5   c   3     r ] + 3 b     c   3   −   c   1       ( 1 − r )   2     φ   2     2 b r [ r + 3   1 − r   φ ]    . Then, optimal decisions including     w   1   D T   ,     w   3   D T   ,     p   D T     can be expressed as:     w   1   D T *   =   a + d r − b     c   3   ( 1 − r ) −   c   1   r +   c   2   r +   5   c   1   +   c   3       − 1 + r   φ     2 b   r + 3   1 − r   φ      ;     w   3   D T *   =   2 b   c   3   r + φ   a + 5 b   c   3   − b     c   1   +   c   2   + 7   c   3     r + d r   − b   φ   2   (   c   1   + 5   c   3   ) ( 1 − r )   2 b   1 − φ     r + 3   1 − r   φ      ;     p   D T *   =   4 r ( a + d r ) + φ ( 1 − r ) { 11   a + d r   + b     c   3   +     c   1   +   c   2     r −   c   3   r   } + b (   c   1   −   c   3   )   ( 1 − r )   2     φ   2     4 b [ r + 3   1 − r   φ ]    . □





Proof of Proposition 8.

According to the DT structure and assumptions, we have   a > 0 ,   b > 0 ,   d > 0 ,     c   2   >   c   1   >   c   3   > 0 ,   0 < r < 1 ,   0 < φ < 1 ,   a − b     c   3     1 − r     1 − φ   +     c   2   +   c   1     r +   c   1     1 − r   φ   > 0  .     ∂   w   1   D T *     ∂ r   =   3 d φ + a   − 1 + 3 φ   + b     c   3   −   2   c   1   + 3   c   2   +   c   3     φ     2 b     r + 3 φ   1 − r       2      ;     ∂   w   3   D T *     ∂ r   =   φ { 3 d φ + a   − 1 + 3 φ   + b     c   3   −   2   c   1   + 3   c   2   +   c   3     φ   }   2 b ( 1 − φ )   ( r + 3 φ − 3 r φ )   2      .     ∂   w   1   D T *     ∂ r     and     ∂   w   3   D T *     ∂ r     have similar expressions; therefore, the sensitivity is the same. When     ∂   w   1   D T *     ∂ r   < 0 (   ∂   w   3   D T *     ∂ r   < 0 )  ,   d <   d   1   D T   =   a − b   c   3   − 3 a φ + b ( 2   c   1   + 3   c   2   +   c   3   ) φ   3 φ    ; when     ∂   w   1   D T *     ∂ r   > 0 (   ∂   w   3   D T *     ∂ r   > 0 )  ,   d >   d   1   D T    ; as     d   1   D T   > 0  , when     1   3   < φ < 1  ,     b > b   1   D T   =   a   3 φ − 1       2   c   1   + 3   c   2   +   c   3     φ −   c   3     > 0  ; when       c   3     2   c   1   + 3   c   2   +   c   3     < φ <   1   3    ,     b   1   D T   < 0  . There is no restriction on   b  ; when   0 < φ <     c   3     2   c   1   + 3   c   2   +   c   3      ,   0 < b <   b   1   D T    .     ∂   p   D T *     ∂ r   =   4 d   r   2   + φ [ a − b   c   3   + d   24 − 23 r   r − b     c   1   +   c   2   −   c   3       r   2   ]   4 b     r + 3 φ − 3 r φ     2     +     − 1 + r   { 33 d   − 1 + r   + b [ 2   c   3   + 3   c   2     − 1 + r   − 4   c   3   r +   c   1     − 2 + 4 r   ] }   φ   2   + 3 b   −   c   1   +   c   3         − 1 + r     2     φ   3     4 b     r + 3 φ − 3 r φ     2      , as the denominator of the fraction is positive, we only judge the numerator. We assume     ∂   p   D T *     ∂ r   > 0  ; then,   d >   d   2   D T   =   φ ( − a + b (   r   2   − 2 ( − 1 + r ) ( − 1 + 2 r ) φ + 3   ( − 1 + r )   2     φ   2   )   c   1   + b (   r   2   − 3   ( − 1 + r )   2   φ )   c   2   − b ( − 1 + r ) ( − 1 + φ ) ( − 1 − r + 3 ( − 1 + r ) φ )   c   3   )   4   r   2   + ( 24 − 23 r ) r φ + 33   ( − 1 + r )   2     φ   2      ,     ∂   w   2   D T *     ∂ r   =   r φ [ 6 b  c 3  − b r (  c 1  + 3  c 2  + 8  c 3  ) + 3 d r + 3 a ( 3 r − 2 ) ] − 2  r 2  ( a − b  c 3  ) − 3  φ 2  ( r − 1 ) [ b  c 3  ( 3 − 5 r ) + 3 a ( r − 1 ) + 2 b  c 1  r ] + 9 b (  c 1  −  c 3  )   ( 1 − r )  2   φ 3    2 b  r 2    ( r + 3 φ − 3 r φ )  2     . Similarly, we only discuss the numerator. We assume     ∂   w   2   D T *     ∂ r   > 0  . Then,    d >   d   3   D T   =   2   a − b   c   3       r   2   + r φ   a   6 − 9 r   − 6 b   c   3   + b     c   1   + 3   c   2   + 8   c   3     r   + 3   r − 1     b   c   3     3 − 5 r   + 3 a   r − 1   + 2 b   c   1   r     φ   2   + 9 b     c   3   −   c   1         1 − r     2     φ   3     3   r   2   φ     . □





Proof of Proposition 9.

    ∂   w   1   D T *     ∂ φ   =     − 1 + r     3 a + 3 d r + b   − 3   c   3   − 2   c   1   r − 3   c   2   r + 2   c   3   r       2 b   ( r + 3 φ − 3 r φ )   2      . It is easy to prove     ∂   w   1   D T *     ∂ φ   < 0 .       ∂   w   2   D T *     ∂ φ   =     − 1 + r     r   3 a − 3 b   c   3   + b   −   c   1   − 3   c   2   +   c   3     r + 3 d r   + 6 b     c   1   −   c   3       1 − r   r φ + 9 b     c   1   −   c   3         − 1 + r     2     φ   2       2 b r     r + 3 φ − 3 r φ     2       and     ∂   w   2   D T *     ∂ φ   < 0  .     ∂   w   3   D T *     ∂ φ   =   r   a − b   c   3   − b     c   1   +   c   2   −   c   3     r + d r   + 2 b     c   1   −   c   3       − 1 + r   r φ +   1 − r     3 a − b   c   1     3 − r   − b   3   c   2   +   c   3     r + 3 d r     φ   2     2 b   ( 1 − φ )   2     ( r + 3 φ − 3 r φ )   2      ; as the denominator of the fraction is positive, we only judge the numerator. If   d <   d   4   D T   =   r   a − b   c   3   − b     c   1   +   c   2   −   c   3     r   + 2 b r φ     c   1   −   c   3       − 1 + r   +   − 1 + r     φ   2     − 3 a − b   c   1     − 3 + r   + b   3   c   2   +   c   3     r     r   − r + 3   − 1 + r     φ   2        , the numerator is negative; then,     ∂   w   3   D T *     ∂ φ   < 0  ; if   d >   d   4   D T    ,     ∂   w   3   D T *     ∂ φ   > 0  . As     d   4   D T   > 0  ,   b >   b   2   D T   =   a   r + 3   1 − r     φ   2           c   1   +   c   2       r   2   +   c   3     1 − r   r     1 − φ     2   + 2   c   1     1 − r   r φ +   1 − r       c   1     3 − r   + 3   c   2   r     φ   2      . Likewise,     ∂   p   D T *     ∂ φ   =     − 1 + r     r   a − b   c   3   − b     c   1   +   c   2   −   c   3     r + d r   + 2 b     c   1   −   c   3       − 1 + r   r φ + 3 b   −   c   1   +   c   3         − 1 + r     2     φ   2       4 b     r + 3 φ − 3 r φ     2      . If   d <   d   5   D T   =   − a r + b   r     c   3   +     c   1   +   c   2     r −   c   3   r   + 2 r φ     c   1   −   c   3       1 − r   + 3     c   1   −   c   3         1 − r     2     φ   2         r   2      , the numerator is positive; then,     ∂   p   D T *     ∂ φ   > 0  ; if   d >   d   5   D T    ,     ∂   p   D T *     ∂ φ   < 0  . As     d   5   D T   > 0  ,   b >   b   3   D T   =   a r   r [   c   3   +     c   1   +   c   2     r −   c   3   r ] + 2 (   c   1   −   c   3   ) ( 1 − r ) r φ + 3 (   c   1   −   c   3   )   ( 1 − r )   2     φ   2      . □
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Figure 1. The PCSC structure of single-supplier Stackelberg model. 
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Figure 2. The PCSC structure of two-supplier Stackelberg model. 
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Figure 3. The PCSC structure of two suppliers under the dual-channel Stackelberg model. 
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Figure 4. Impact of prefabricated rate on members’ pricing decisions in S and T structures. 
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Figure 5. Impact of prefabricated rate on members’ profits in S and T structures. 
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Figure 6. Impact of prefabricated rate and supply allocation on pricing decisions in DT structure. 
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Figure 7. Impact of prefabricated rate and supply allocation on profits in DT structure. 
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Figure 8. Impact of prefabricated rate on supply chain members’ profit among the three structures. 
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Figure 9. Impact of prefabricated rate on suppliers’ profit in T and DT structures. 
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Figure 10. Impact of prefabricated rate on supply chain profits among the three structures. 
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Table 1. Notations and descriptions.






Table 1. Notations and descriptions.





	
Superscripts

	
Subscripts






	
S

	
Single-supplier structure

	
     S   i     

	
Denotes supplier (  i = 1 ,   2  )




	
T

	
Two-supplier structure

	
M

	
Denotes manufacturer factory




	
DT

	
Dual-channel structure with two suppliers

	
PC

	
Denotes prefabricated company




	
Parameters




	
   a   

	
Potential market demand

	
   b   

	
The sensitive coefficient to price




	
   r   

	
The prefabricated rate (  0 < r < 1  )

	
   h   

	
The cost coefficient of assembly work




	
   d   

	
The preference coefficient of prefabricated rate

	
     c   1     

	
The production cost of supplier 1




	
     c   2     

	
The production cost of the manufacturer

	
     c   3     

	
The production cost of supplier 2




	
   φ   

	
The allocation of supplier 1 to supply non-prefabricated materials (  0 < φ < 1  )




	
Decision variables




	
     w   1     

	
Wholesale price of supplier 1

	
     w   2     

	
Wholesale price of the manufacturer




	
     w   3     

	
Wholesale price of supplier 2

	
   p   

	
Sale price of fully constructed buildings
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