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Abstract

:

Facing enormous pressure from the rapid growth of waste on the environment and society, many developed countries have combined urban waste recycling systems with waste classification to reduce pollution and recycle resources. However, this technique is not well established in developing countries. From the 2000s, China has carried out many waste classification recycling projects in many pilot cities although they have yet to reach widespread success. This paper focuses on China’s Newest Waste Classification Recycling Project (NWCRP), which was first implemented in Shanghai from 2019 and has a three-echelon supply chain containing waste classification guiders (WCGs), recyclers and demanders. Firstly, two recycling modes in NWCRP are studied: the recyclers of the first mode are dominated by the recycling company (mode RC), and the recyclers of the second mode are dominated by the environmental sanitation engineering group (mode ESEG). Secondly, a reward–penalty policy is proposed, which can be implemented for WCGs or different recyclers in the two modes (RC or ESEG), and the impacts of different scenarios are also compared. The results showed that (1) with increasing reward–penalty intensity, the sorting rate and the profit show upward trends in two modes, while the subsidy efficiency of government decreases; (2) when the reward–penalty policy is implemented for WCGs, the recyclers’ recycling price decreases in the two modes; (3) all scenarios that implement the reward–penalty policy in mode RC have certain advantages in the sorting rate and profit and (4) with increasing reward–penalty intensity and target sorting rate in the reward–penalty policy, the social welfare first increases and then decreases in all scenarios. Finally, some suggestions on the recycling mode and the reward–penalty policy for establishing a 3RW recycling system are provided.
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1. Introduction


In recent years, the reutilization of recyclable resources in residential waste (3RW), which can conserve resources, beautify the living environment and address the issue of limited landfill space for waste, has attracted significant attention from various countries [1]. The recycling of 3RW is more difficult than that of other products (household appliances [2], remanufactured products [3], spent electric vehicle batteries [4] and so on), as it is hard to separate from waste, has a low margin and is widely dispersed in urban areas. Moreover, the heterogeneity of customs in different countries also causes different recycling modes of 3RW at different times [5]. Therefore, it is very important to find appropriate solutions for 3RW recycling in each country, as no recycling mode can be applied to all [1].



Developed countries started to pay attention to municipal solid waste (MSW) management relatively early and have made significant achievements in the recycling of 3RW by building urban recycling systems with waste classification, especially Germany [6], Japan [7] and Sweden [8]. However, the recycling modes in these countries are different. For example, private companies are mainly responsible for solid waste collection in Sweden [8] and the USA [9], while in Japan, the garbage is collected by municipalities and private companies are responsible for the recycling of recyclables in order to reduce the fiscal expenditure [7]. In addition, all the above countries have made many relevant laws and regulations to guarantee and promote 3RW recycling.



Unlike in developed countries, the recycling of 3RW is not as well established in developing countries. There are few professional companies or organizations responsible for the recycling of 3RW in them, and the basic waste classification knowledge of their residents is very weak. In Latin America, the informal recycling sector, which comprises some people with low income, such as elderly people, women and children, recycle and sell 3RW through informal forums [10]. The informal recycling sector, working in a poor environment with low costs [11], not only leads to a low amount of 3RW recycling but also brings some hidden social dangers [12]. It is commendable that many countries have been working on how to formalize informal recycling organizations [13,14].



China, whose urbanization rate increased from 17.92% to 57.35% from 1978 to 2016 [1], is also facing pressure to increase solid waste recycling and is eager to build a 3RW recycling system [15]. From the 2000s, China has carried out many waste classification recycling projects in many pilot cities although they have yet to reach widespread success [1]. It is found that there are two key factors restricting the 3RW recycling: finding the suitable 3RW recycling mode [8] and formulating corresponding incentive policies [15], through the successful implementation of 3RW recycling in other countries. In addition, solid waste collection, which has a great impact on the urban environment [16,17], also affects the implementation effect of 3RW recycling. Moreover, the waste collection in China is different from that in many countries [18], which increases the difficulty of 3RW recycling.



In view of the above problems, the main purpose of this paper is to find a 3RW recycling mode suitable for China’s national conditions, as well as the effective incentive policies for it. We organize the remainder of this article as follows: The relevant literature review of 3RW recycling and the research significance of this paper are introduced in Section 2. In Section 3, the problems are described, the notations are listed and the formulas are described. A game theory model is built, and the validity of the model is verified in Section 4. In Section 5, the simulation results are analyzed and discussed in different scenarios. Finally, we draw our conclusions in Section 6.




2. Literature Review


Academically, there have been many studies on municipal solid waste management, including the cost of the MSW system [7] and sustainability of the MSW system [6]. Many studies have also focused on the informal recycling sector, i.e., networks of informal recycling [5], recycling efficiency [19] and formalization of the informal sector [13]. Moreover, some studies have highlighted high-value recyclable waste, such as waste plastic [20,21] and wastepaper [22]. However, few studies have been conducted on the recycling process and model of 3RW as well as the impact of policies on it, which have been fully studied for other recyclable materials [2,3,4].



The following sections first summarize the literature on 3RW recycling, then introduce the recycling situation in China and finally analyze the previous research on reward–punishment policy.



2.1. Research on 3RW Recycling


Through summarizing the existing literature on 3RW recycling, the research can be classified into three types.



As waste classification has been proven to be an effective approach to recycling 3RW, the first type refers to those studies on recycling systems of 3RW with classification. Ibáñez-Forés et al. analyzed the evolution of the MSW management system of Joao Pessoa (Brazil) and determined the relation of MSW management data with the socioeconomic characteristics of the populations in different city districts based on stakeholder data in the system and highlighted the great deal of room for improvement in the selective waste collection ratio [23]. Tang et al. investigated the status of MSW management in Guangzhou, China, and identified that a combination of waste sorting by individual residents and sanitation workers is one of the most feasible strategies to achieve sustainable waste management [24].



The second research type concerns the recycling behaviors of residents regarding waste classification. Meng et al. analyzed the main factors that affect residents’ household solid waste (HSW) disposal behaviors and discussed decision-making mechanisms [25]. Xu et al. found that the effects of economic incentives and social influence are the two general solutions to the domestic waste separation dilemma, along with economic and sociological/social psychological logic, respectively [26]. Lu et al. used a qualitative case-study approach to explore the potential of a community-based co-production strategy for household waste sorting as an alternative to the conventional top–down approach [27] and showed that the regulatory environment should focus on long-lasting changes in the behaviors of citizens by designing a citizen-centric approach related to ecological concerns because it could define the future of HSW sorting behaviors (HSWSB) in Chinese society [1].



A very small number of studies comprise the third research type, which is about the recycling model of 3RW. Jafari et al. were the first to focus on recyclables under a dual-channel structure considering the economic and environmental aspects of sustainability and found that a higher degree of waste recyclability leads to higher profits for members [28].




2.2. RW Recycling in China


China has many recycling modes at different times and under different economic policies [15]. In the past forty years, the recycling process in China can be divided into three stages.



The first stage: formal sector recycling. The establishment of the waste material recycling bureau, which was approved by the central government, was the official birth of the waste material recycling industry in China on April 28, 1954. After that, a state-owned recycling system was established, and the recycling ratio of renewable resources was as high as 80% at that time.



The second stage: informal sector recycling. The individual economy and private economy entered the recycling industry after the 1990s, with the emergence of the socialist market economy. After this, the state-owned recycling system of renewable resources shrank. As a result, the market spontaneously formed a large-scale non-standard reverse material flow system driven by the perceived benefits at the expense of the environment.



The third stage: innovative recycling. In the 21st century, the use of internet technology has been suggested as a unique and effective way of solving China’s residential waste and recycling problems [29]. In addition, the Ministry of Commerce is trying to establish a standardized recycling system with waste classification, but China is still currently at an early stage in it [26]. Previous projects on waste classification in many pilot cities have failed [27], and the latest pilot project results show that replicating tier-1 practices in other cities could produce unsatisfactory results [1].




2.3. Reward–Penalty Policy


In the reward–penalty policy, a company can get corresponding rewards when a certain target specified by the government is met, on the contrary, the company will be punished when the target is not reached. The impact of the reward–penalty policy has also been widely researched in many areas, such as electric distribution utilities and system [30,31], recycling [32], closed-loop supply chain [33] and so on.



Many researchers used game mode to explain the impact of the reward–penalty policy [30,31,33]. Moreover, previous studies have shown that the reward–penalty policy can significantly promote the development of the industry in a certain mode. In the above studies, some have paid attention to the impact of reward–penalty policies on social welfare, including social, economic and environmental sectors, but most of them have not considered this factor. Unlike others, Amini et al. used the Reasoned Action Approach (RAA) to investigate the effects of intervention factors on households’ recycling intention, in order to help the Malaysian government to apply a proper intervention in advancing and enforcing recycling regulations [32].



The above analysis shows that China is in the critical stage of 3RW recycling now, and the smooth implementation of the NWCRP depends on whether the suitable recycling mode and the corresponding incentive policies can be found. However, few review studies on the 3RW recycling mode have been published, especially under the NWCRP in China. The impact of relevant policies on the 3RW recycling model have also not been studied.



In order to make up for the shortcomings of the existing literature, this paper attempts to makes an in-depth study of 3RW recycling in China, the innovation and significance of this research is mainly reflected in the following three aspects:




	(1)

	
Two 3RW recycling modes were studied for the first time under the NWCRP in China. Furthermore, the profit models of two modes were established based on Stackelberg game theory, which can enrich the recycling model research of 3RW.




	(2)

	
In this study the recycling amount was calculated by the degree of efforts such as publicity and supervision, which takes into account the impact of residents’ environmental awareness and has been used in the recycling of free recyclables [3]. It is different from the method used to calculate the recycling amount of 3RW in the research of Jafari et al. [19], which was calculated by the customers’ demand for the finished product.




	(3)

	
A reward–penalty policy was proposed, what is more, the impact of reward–penalty policies on social welfare and its subsidy efficiency were analyzed, which are rarely studied by other literatures.











3. Problem


3.1. Problem Description


Figure 1 summarizes the 3RW recycling process under China’s waste classification project, which is combined with the existing literature [19] and is based on the investigation of the implementation of municipal solid waste management regulations in Shanghai, Beijing, Guangzhou and Shenzhen in China.The recyclers of the first mode are dominated by the recycling company (mode RC), and the recyclers of the second mode are dominated by the environmental sanitation engineering group (mode ESEG).



First, the government chooses the WCG for different districts of the city. The WCG is responsible for supervising and guiding the classification of household waste from the property or sub-district office. Two 3RW recycling modes are considered under the waste classification project in China: one is dominated by recycling company (RC), and the other is dominated by environmental sanitation engineering group (ESEG). Then, the WCG can directly sell the 3RW sorted from residential waste to the RC or ESEG at the recycling price,    p s   . The RC or ESEG will sell the rough finished HRW to the recyclable resource demander at the purchase price, p.



To encourage the recovery efficiency of 3RW, the government can design a reward–penalty mechanism: first, set the target sorting rate, then give a certain reward to the subject who has achieved the target sorting rate and give a certain punishment to the subject who has not achieved the target sorting rate. In view of the two 3RW recycling modes proposed in this paper, we can choose two kinds of reward–penalty policies: one is to adopt the reward–penalty mechanism for the WCG; the other is to adopt the reward–penalty mechanism for the RC or ESEG.




3.2. Notation and Formulas


3.2.1. Notation


Suppose that the number of people in a city’s district that has implemented waste classification is A, and the residents’ average environmental awareness is φ, which is a scaling parameter. The district government can choose the RC or ESEG to be responsible for 3RW recycling and sell the 3RW recycling to the recyclable resource demand company. In economic activities, the recyclable resource demand company first sets the purchase price and is the leader in the Stackelberg game. The recycling activities of each subject are economic.



The notation is defined and summarized in Table 1. Superscripts I and II represent the recycling modes RC and ESEG, respectively. Subscripts s, e and h represent the corresponding participant, the WCG, RC and ESEG, respectively.




3.2.2. Description of Related Formulas


(1) The 3RW sorting rate,  τ , consists of two parts,   τ =  τ 0  + V τ  , where    τ 0    is the proportion of 3RW recycled by residents who consciously carry out 3RW classification when there is no propaganda or supervision of waste classification guiders, and   V τ   is the proportion after propaganda and supervision of waste classification guiders.



(2) Based on previous studies [16], the sorting rate without payment is equal to      I C     , where  I  is the investment in publicity and supervision and  C  is a scaling parameter. In this research, we set the 3RW sorting rate after propaganda and supervision to   V τ =    I  A φ      , and the cost of publicity investment is   A φ V  τ 2   .



(3) We assume  ξ  is the target recycling rate set by the government, and   ξ q A   is the target recycling amount. In addition, the reward–penalty intensity is set as  S . Overall, the total reward or penalty is   S  [   (   τ 0  + V τ  )  q A − ξ q A  ]   .



(4) Supervision costs are involved for the government to implement the penalty and reward mechanism [24]. The fixed cost coefficient is  γ , and the total supervision cost is   γ ×    {  S  [   (   τ 0  + V τ  )  q A − ξ q A  ]   }   2   .






4. Stackelberg Game Model


Based on the problem formulation and assumptions, we suppose that the WCG, the recyclable-resource recycler and the demander are all independent decision-makers. Each of them aims to maximize its own profit, but the decision-making results are mutually influential. Due to its sufficient channel dominance, the demander behaves as the Stackelberg leader and can use foresight about other followers’ action functions when making his own first move. The WCG and recycler are followers that observe the leader’s strategy and react correspondingly. This chapter first establishes the profit function of each subject in the two recycling modes and solves it using Stackelberg theory.



4.1. Mode I—RC Recycling


As shown in Figure 2, the recycling company directly collects 3RW from residents. In this mode, the demander first sets  p  to maximize its own profit. Then the recycling enterprises determine    p s Ⅰ    to maximize its profit. The government’s first choice is to adopt the reward–penalty policy for the WCG, and the second choice is to adopt the reward–penalty policy for the recycling company.



The profit functions of the WCG and the recycler are as follows:


   π s Ⅰ  [ V  τ Ⅰ  ] =  p s Ⅰ   (   τ 0  + V  τ Ⅰ   )  q A − A φ    (  V  τ Ⅰ   )   2  +  S s   [   (   τ 0  + V  τ Ⅰ   )  q A −  ξ s  q A  ]  ,  



(1)






   π e Ⅰ  [  p s Ⅰ  ] =  (  p −  p s Ⅰ   )   (   τ 0  + V  τ Ⅰ   )  q A +  S e   [   (   τ 0  + V  τ Ⅰ   )  q A −  ξ e  q A  ]  ,  



(2)







The calculation is first conducted by characterizing the best response function of the WCG. As      ∂ 2   π s Ⅰ    ∂ V  τ  Ⅰ 2     = − 2 < 0  , let     ∂  π s Ⅰ    ∂ V  τ Ⅰ    = 0  , so   V  τ Ⅰ  = q    p s Ⅰ  +  S s    2 φ    . Subsequently, the WCG’s best response function is substituted into the recycler’s objective Function (2), as      ∂ 2   π e Ⅰ    ∂  p s  Ⅰ 2     = −    q 2  A  φ  < 0  , let     ∂  π e Ⅰ    ∂  p s Ⅰ    = 0  , so the optimal values can be calculated as follows:


   p s  Ⅰ *   =   p −  S s  +  S e   2  −    τ 0  φ  q  ,  



(3)






  V  τ  Ⅰ *   = q   p +  S s  +  S e    4 φ   −    τ 0   2  ,  



(4)







Then, we can derive the optimal profit of the WCG and recycler:


   π s  Ⅰ *   =   A  q 2    4 φ      (    P +  S s  +  S e   2  +    τ 0  φ  q   )   2  − A φ   τ 0  2  −  S s  q A  ξ s  ,  



(5)






   π e  Ⅰ *   =   A  q 2    2 φ      (    P +  S s  +  S e   2  +   τ 0 k  φ   q   )   2  −  S e  q A  ξ e  ,  



(6)







The above conclusions show that the increase in 3RW recycling price, the increase in residents’ environmental awareness (the number is decreased) and the increase in 3RW quantity generated by residents promote the sorting rate. The reward–penalty policy can promote the sorting rate and increase the profits of waste classification guiders and RCs. Considering the actual situation   V  τ  Ⅰ *   < 1 −  τ 0   , we can obtain Theorem 1.



Theorem 1. 

In the mode RC, when   S s  < 2 φ   2 −  τ 0   q  − p  or   S e  < 2 φ   2 −  τ 0   q  − p  , all the 3RW can be recovered, as   τ  Ⅰ *   = 1  .






4.2. Mode II—ESEG Recycling


As shown in Figure 3, the environmental sanitation engineering group directly collects    Q 1 Ⅱ    3RW from residents with recycling price    p s Ⅱ   . The remaining   q A −  Q 1 Ⅱ    3RW is transported to the waste transfer station mixed with solid waste, and    Q 2 Ⅱ  = β  (  q A −  Q 1 Ⅱ   )    of 3RW is separated from the waste through a sorting machine, where   β  (  0 ≤ β ≤ 1  )    is the mechanical sorting rate, and then sold to the recyclable resource demander at price   α p  (  0 ≤ α ≤ 1  )   .



In this mode, the demander first sets  p  to maximize his or her own profit. Then, the ESEG determines    p s Ⅱ    to maximize its profit. The government’s first choice is to adopt the reward–penalty mechanism for the WCG, and the second choice is to adopt the reward–penalty mechanism for the ESEG. The profit functions of the WCG and ESEG are as follows:


   π s Ⅱ  [ V  τ Ⅱ  ] =  p s Ⅱ   (   τ 0  + V  τ Ⅱ   )  q A − A φ    (  V  τ Ⅱ   )   2  +  S s   [   (   τ 0  + V  τ Ⅱ   )  q A −  ξ s  q A  ]  ,  



(7)






   π h Ⅱ  [  p s Ⅱ  ] =  (  p −  p s Ⅱ   )  q A  (   τ 0  + V  τ Ⅱ   )  + α p  [  1 −  (   τ 0  + V  τ Ⅱ   )   ]  q A β +  S h   [   (   τ 0  + V  τ Ⅱ   )  q A +  [  1 −  (   τ 0  + V  τ Ⅱ   )   ]  q A β −  ξ h  q A  ]  ,  



(8)







The calculation is first performed by characterizing the best response function of the ESEG. As     ∂  π s  2 Ⅱ     ∂ V  τ  Ⅱ 2     = − 2 < 0  , let     ∂  π s Ⅱ    ∂ V  τ Ⅱ    = 0  , so   V  τ Ⅱ  = q    p s Ⅱ  +  S s    2 φ    . Subsequently, the ESEG’s best response function is substituted into the ESEG’s objective Function (8). As      ∂ 2   π h Ⅱ    ∂  p s  Ⅱ 2     = −    q 2  A  φ  < 0  , let     ∂  π h Ⅱ    ∂  p s Ⅱ    = 0  , so the optimal values can be calculated as follows:


   p s  Ⅱ *   =   p ( 1 − α β ) −  S s  +  (  1 − β  )   S h   2  −    τ 0  φ  q  ,  



(9)






  V  τ  Ⅱ *   =  q  2 φ     p ( 1 − α β ) +  S s  +  S h  ( 1 − β )  2  −    τ 0   2  ,  



(10)







Then, we can derive the optimal sorting rate and profit of mode II.


   τ  Ⅱ *   =  [   q  2 φ     p ( 1 − α β ) +  S s  +  S h  ( 1 − β )  2  +    τ 0   2   ]   (  1 − β  )  + β ,  



(11)






   π s  Ⅱ *   =   A  q 2    4 φ      (    p ( 1 − α β ) +  S s  +  (  1 − β  )   S h   2  +    τ 0  φ  q   )   2  − A   τ 0  2   k 2  −  S s  q A  ξ s  ,  



(12)






   π h  Ⅱ *   =   A  q 2    2 φ      (    p ( 1 − α β ) +  S s  +  (  1 − β  )   S h   2  +    τ 0  φ  q   )   2  +  (  p α +  S h   )  q β A −  S h  q A  ξ h  ,  



(13)







The above conclusions show that the increase in 3RW purchase price, the increase in residents’ environmental awareness (the number is decreased) and the increase in 3RW quantity generated by residents promote the sorting rate. However, the higher the price discount of purchasing 3RW from the transfer station is, the lower the sorting rate of 3RW. The reward–penalty policy can promote the sorting rate and increase the profits of the WCG and ESEG. Considering the actual situation   V  τ  Ⅱ *   < 1 −  τ 0   , we can obtain Theorem 2.



Theorem 2. 

In mode II, when   S s  ≥ 2 φ   2 −  τ 0   q  − p ( 1 − α β )  or   S h  ≥ 2 φ   2 −  τ 0    q ( 1 − β )   − p   ( 1 − α β )   ( 1 − β )    , all the 3RW can be recovered, as   τ  Ⅱ *   = 1  .







5. Analysis of Results


Table 2 shows the optimal decisions of the two models. The observations show that in mode I,    S s    and    S e    have the same impact on the sorting rate,  τ , and the total profit,  V , but increasing    S s    will reduce the recovery price,    p s   , while increasing    S e    increases it; in mode II, the impacts of    S s    and    S e    on the sorting rate,  τ , recovery price,    p s   , and total profit,  π , are different.



The optimal sorting rate and the main profit of the two models without reward–penalty policies will be compared first in the following, and then, the subsidy efficiency and total social welfare impact are set to compare the recovery efficiency of the two models with reward–penalty policies.



5.1. Comparison of Models without Reward–Penalty Policies


In this section, the formulas of the optimal sorting rate and the total profit of the two modes without reward–penalty policies are first introduced and then compared.



(1) Comparison of sorting rates



Let   S = 0  ,  ξ = 0  ; then, we can obtain the formula of the optimal sorting rate of the two modes without reward–penalty policies as follows:


   τ  Ⅰ *   =   q p   4 φ   +    τ 0   2  ,  



(14)






   τ  Ⅱ *   =  [    q p ( 1 − α β )   4 φ   +    τ 0   2   ]   (  1 − β  )  + β ,  



(15)







Formula (15) can be regarded as a quadratic function of the mechanical sorting rate,  β . According to the assumption of the problem, to meet the requirement    τ  Ⅱ *   >  τ 0   , the parameters of model II should be satisfied   α ≥   4 φ + p q − 6 φ  τ 0  + 4   φ p q − 2  φ 2   τ 0  − φ p q  τ 0  + 2  φ 2    τ 0  2      p q    . If we let    τ  Ⅱ *   >  τ  Ⅰ *    , then   β >  β 1  =   p q − 4 φ + α p q + 2 φ  τ 0    α p q     is obtained. Therefore, we can obtain Theorem 3.



Theorem 3. 

The parameters of model II should satisfy the formula  α ≥   4 φ + p q − 6 φ  τ 0  + 4   φ p q − 2  φ 2   τ 0  − φ p q  τ 0  + 2  φ 2    τ 0  2      p q    , and when  β >  β 1  =   p q − 4 φ + α p q + 2 φ  τ 0    α p q    , the sorting rate of mode II is higher than that of mode I, as   τ  Ⅱ *   >  τ  Ⅰ *    .





(2) Comparison of total profits



As before, let   S = 0  ,  ξ = 0  ; then, we can obtain the formula of the WCG’s profit in the two modes without reward–penalty policies as follows:


   π s  Ⅰ *   =   A  q 2    4 φ      (   P 2  +    τ 0  φ  q   )   2  − A φ   τ 0  2  ,  



(16)






   π s  Ⅱ *   =   A  q 2    4 φ      (    p ( 1 − α β )  2  +    τ 0  φ  q   )   2  − A φ   τ 0  2  ,  



(17)







If we assume    π s  Ⅱ *   >  π s  Ⅰ *    , it can be found that it is impossible to satisfy   1 − α β > 1  , then it can be obtained that    π s  Ⅰ *   >  π s  Ⅱ *    , and Theorem 4 can be obtained as follows.



In addition, the formulas of total profit in the two modes without reward–penalty policies are as follows:


   V  Ⅰ *   =   3 A  q 2    4 φ      (   P 2  +    τ 0  φ  q   )   2  − A φ   τ 0  2  ,  



(18)






   V  Ⅱ *   =   3 A  q 2    4 φ      (    p ( 1 − α β )  2  +    τ 0  φ  q   )   2  − A φ   τ 0  2  + α p q β A ,  



(19)







The expression of    V  Ⅱ *     can be regarded as a quadratic function of the mechanical sorting rate,  β . Let    V  Ⅱ *   >  V  Ⅰ *    , then the formulate   β >  β 2  =   2  (  3 p q − 8 φ + 6 φ  τ 0   )    3 α p q     should be satisfied, and Theorem 4 can be obtained.



Theorem 4. 

The profit of the WCG in mode I is higher than that in mode II, that is,   π s  Ⅰ *   >  π s  Ⅱ *    , and the total profit of mode II is higher than that of mode I when   β >  β 2  =   2  (  3 p q − 8 φ + 6 φ  τ 0   )    3 α p q    , that is   V   Ⅱ *   >  V   Ⅰ *    .





To study the impact of different reward–penalty policy objects on the two recycling modes, numerical examples are introduced in the following section.




5.2. Numerical Analysis


5.2.1. Data Determination and Analysis of Model I


Based on the literature study and data collected from Haidian District of Beijing, as well as from investigating the waste classification activities of Beijing ESEG, the parameters in 3RW recycling are determined and shown in Table 3. Here, we set   α ≥ 0.04   to meet the needs of society    τ  Ⅱ *   >  τ 0   , so it is assumed that   α = 0.6  , the recyclable sales price  P  is 300,000 CNY/ton, and the scaling parameter,  φ , is 4000. Considering the high regulatory cost of waste classification and low value of 3RW, let  γ  be 0.0000006 and  E  be 150, referring to the literature [34].



Using the above conclusions to analyze the parameters, the recycling price and sorting rate of mode I are    p s  Ⅰ *   = 14.44   and    τ  Ⅰ *   = 0.7  , respectively. The profits of the WGC, RC and total profit are    π s  Ⅰ *   = 654 , 810  ,    π e  Ⅰ *   = 1 , 316 , 340   and    π e  Ⅰ *   = 1 , 971 , 150  , respectively.



On this basis, let   β ∈  [  0 , 1  ]   , and the impact of the mechanical sorting rate,  β , on the sorting rate and total profit of mode II is shown as Figure 4 and Figure 5. Comparing the sorting rate and total profit of mode II with those of mode I shows that the sorting rate of mode II was higher than that of mode I when   β > 0.259  , and the total profit of mode II was higher than that of mode I when   β > 0.165  , which is consistent with Theorem 3.



Different scenarios (see Table 4) were set in this paper by changing factors such as the recycler, the implementation objects of policies and the mechanical sorting rate. The results in different scenarios are analyzed and compared in the following section.



Considering that different mechanical sorting rates,  β , lead to different sorting rates and profits in mode I and mode II, two cases of mode II are considered in the following study: case 1 with a lower mechanical sorting rate (  β = 0.1  ) and case 2 with a higher mechanical sorting rate (  β = 0.4  ).



Through the analysis, the effects of the two policies in mode I can be called scenario 1, the effects of policy 1 and policy 2 on case 2 in mode II can be called scenario 2 and scenario 3, respectively and the effects of policy 1 and policy 2 on case 2 in mode II can be called scenario 4 and scenario 5, respectively. According to conclusion 1 and conclusion 2, in mode I, when    S s  ≥ 13   or    S e  ≥ 13  ,    τ  Ⅰ *   = 1  ; and in mode II, if   β = 0.1   in case 1, then when    S s  ≥ 15   or    S h  ≥ 16  ,    τ  Ⅱ *   = 1  , and if   β = 0.4   in case 2, then when    S s  ≥ 20   or    S h  ≥ 34  ,    τ  Ⅱ *   = 1  .



In summary, this paper proposes the evaluation indexes of subsidy efficiency and total social welfare to study the impact of reward–penalty intensity,   S ∈ [ 0 , 10 ]  , and target sorting rate,   ξ ∈ [ 0 , 1 ]  , on the above five scenarios.




5.2.2. Comparison of the Reward Efficiency


As the optimal sorting rate and profit formula of each mode can be obtained from the above, then the calculation formula of the 3RW collection quantity under each mode can be deduced as follows:


   Q  Ⅰ *   =    q 2  A  2   (    P +  S s  +  S e    2 φ   +    τ 0   q   )  ,  



(20)






   Q  Ⅱ  =    q 2  A  2   (    p ( 1 − α β ) +  S s  +  S h  ( 1 − β )   2 φ   +    τ 0   q   )  ,  



(21)







Let   ξ = 0  ; when the reward–penalty intensity   S ∈ [ 0 , 10 ]  , the impact of  S  on collection quantity in the above five scenarios can be obtained, which is shown in Figure 6 below. It is easy to find that the graph of the sorting rate is the same as that of the collection quantity.



Figure 6 shows that with the increase in reward–penalty intensity, the recycling quantity of 3RW shows an upward trend in the five scenarios. When the reward–penalty policy is adopted for mode I, the increase in collection quantity with the increase in reward–penalty intensity is the fastest in the five scenarios. The growth rate of the collection quantity in scenario 2 is higher than that in scenario 3. The growth rate of the collection quantity in scenario 4 is higher than that in scenario 5, which indicates that there is more 3RW quantity when enacting the reward policy for the WCG than for the ESEG in mode II. The growth rate of collection quantity in scenario 2 and scenario 3 is higher than that in scenario 4 and scenario 5, respectively, which indicates that the higher mechanical sorting rate is not conducive to the increase in 3RW in mode II under the reward–penalty policy.



To further analyze the subsidy impact in five situations, the subsidy efficiency,  η , which is equal to the increase in 3RW quantity/investment is set in this paper. Then, the formulas under the two modes can be obtained as follows:


   η Ⅰ  =  1  q  (  p +  S 1   )   + 2  φ  τ 0  − 4 φ  ξ 1    ,  



(22)






   η Ⅱ  =    (  1 − β  )    q  (  p ( 1 − α β ) +  S s  +  (  1 − β  )   S h   )  A + 2 φ  τ 0  A − 4 φ  ξ s  A − 4 φ A  (  β −  ξ h   )  /  (  1 − β  )    ,  



(23)







Let   ξ = 0  , and the impact on subsidy efficiency in the above five scenarios can be obtained when the reward–penalty intensity   S ∈ [ 0 , 10 ]  , which is shown in Figure 7 below.



Figure 7 shows that with the increase in reward–penalty intensity, the subsidy efficiency decreases in all five scenarios. Of the five scenarios, scenario 1 has the highest subsidy efficiency, and the subsidy efficiency in scenario 2 is higher than that in scenario 3, meanwhile, the subsidy efficiency in scenario 4 is higher than that in scenario 5, which indicates that the subsidy efficiency is higher when enacting the reward policy for the WCG than for the ESEG in mode II. In addition, the subsidy efficiency in scenario 2 and scenario 3 is higher than that in scenario 4 and scenario 5, respectively, which indicates that the higher mechanical sorting rate is not conducive to the increase in subsidy efficiency in mode II under the reward–penalty policy; however, the decreasing slopes of scenario 3 and scenario 5 are lower than those of scenario 2 and scenario 4, which indicates that a higher mechanical sorting rate can reduce the impact of reward–penalty intensity on decreasing subsidy efficiency.




5.2.3. Comparison of the Total Social Welfare


Let   ξ = 0  ; when the reward–penalty intensity   S ∈ [ 0 , 10 ]  , we can obtain the changes in the WCG profit and the total profit in mode I and mode II in the above five scenarios, as shown in Figure 8 and Figure 9, respectively.



Figure 8 and Figure 9 show that with the increase in reward–penalty intensity, the WCG profit and the total profit increase in all five scenarios. Of the five scenarios, scenario 1 has the highest rates of increase in the WCG profit and the total profit, and the rates of increase in the WCG profit and the total profit in scenario 2 are higher than those in scenario 3, meanwhile, those in scenario 4 are higher than that in scenario 5, which indicates that the profit is higher when enacting the reward policy for the WCG than for the ESEG in mode II. In addition, the rates of increase in the WCG profit and the total profit in scenarios 2 and 3 are higher than those in scenarios 4 and 5, respectively, which indicates that the higher mechanical sorting rate is not conducive to the increase in profit under the reward–penalty policy in mode II.



To comprehensively analyze the impact of the reward–penalty policy on the economy, society and environment in the five scenarios, we introduce the total social welfare  W , which is composed of the sum of profit     ∑ j    π j i     , government supervision cost   γ ×    {  S  [   (   τ 0  + V τ  )  q A − ξ q A  ]   }   2    and resource saving impact   q A  τ i  E   under the reward–penalty policy [34], where  E  is the environmental cost savings when using renewable resources for production.


   W i  =   ∑ j    π j i    − γ ×    {  S  [   (   τ 0  + V τ  )  q A − ξ q A  ]   }   2  + q A  τ i  E ,  



(24)







Based on the assumption   ξ = 0.1  , we can obtain the change in total social welfare in the above five scenarios when the reward–penalty intensity   S ∈ [ 0 , 10 ]  , as shown in Figure 10 below.



Figure 10 shows that the reward–penalty policy can indeed promote total social welfare to some degree. However, higher intensity does not always cause higher social welfare; with the increase in reward–penalty intensity, the total social welfare first increases and then decreases in all scenarios. When the intensity is above a certain level, it brings a large supervision burden for the government, which is also demonstrated in [34]. Therefore, the reward–penalty intensity should not exceed the value that makes the total social welfare reach the peak. In addition, the comparison shows that, of the five scenarios, scenario 1 has the highest peak of total social welfare; the order of the rate of increase of total social welfare with the increase in reward–penalty intensity in the five scenarios from low to high is scenario 5, scenario 4, scenario 3, scenario 2 and scenario 1; when the total social welfare reaches the peak and begins to decline, the order of the rate of decrease from low to high is scenario 5, scenario 4, scenario 3, scenario 2 and scenario 1.




5.2.4. Penalty Analysis


In this section, assuming the reward–penalty intensity   S = 4.5  , we analyzed the impact of the target sorting rate,   ξ ∈ [ 0 , 1 ]  , on the total social welfare in the above five scenarios, as shown in Figure 11 below.



Figure 11 shows that, with the increase in the target sorting rate, the total social welfare first increases and then decreases in the five scenarios. This shows that under the reward–penalty policy, an increase in the target sorting rate in the early stage is conducive to an increase in total social welfare, but it has a negative impact in the later stage. The target sorting rate should not exceed the value that makes the total social welfare reach the peak. It is easy to see that the total social welfare of scenario 1 is still the highest among those of the five scenarios.





5.3. Discussions and Suggestions


Two 3RW recycling modes were studied for the first time, and it was found that the mechanical sorting rate in mode II plays a decisive role in the relationship between the profits of two modes. When there is no reward–penalty policy, the profit of the WCG in mode I is greater than that in mode II; in mode II, the mechanical sorting rate affects its sorting rate and profit and plays a decisive role in the relationship between the sorting rate and the total profit of the two modes.



The model results show that the reward–penalty policy can promote the 3RW recycling, and it has been illustrated in many studies that the reward–penalty policy promotes the development of their industry [30,31,33]. When there is a reward–penalty policy, it is obvious that the increase in reward–penalty intensity has the best incentive impact on the sorting rate, collection quantity and profit in scenario 1 among the five scenarios. However, the subsidy efficiency decreases as the reward–penalty intensity increases, and the total social welfare first increases with the increase in reward–penalty intensity, and then decreases after it reaches the peak, so the reward–penalty intensity should be moderate. After all, scenario 1 still has the highest subsidy efficiency and total social welfare among the five scenarios.



Comparative analysis shows that the reward policies have different effects on the recycling prices of the two models. The numerical analysis of the five scenarios shows that enacting reward policies on the WCG and RC has the same impact on the sorting rate and the total profit in mode I; however, there is a higher collection quantity, subsidy efficiency and profit when enacting the reward policy on the WCG than on the ESEG in mode II. Notably, an increase in reward intensity on the WCG reduces the recovery price in modes I and II, and an increase in reward–penalty intensity on the RC in mode I or on the ESEG in mode II increases the recovery price. Therefore, if the government implements reward–penalty policies on the WCG, the recovery price of 3RW will decrease, which is conducive to limiting the development of the informal recycling sector.



This research has reached the same conclusion as Tang [34] that the target sorting rate can promote the increase in the total social welfare to a certain extent, but with the increase in its value, it is the same as the reward–penalty intensity in that the total social welfare decreases after reaching the peak value, so the choice of the target sorting rate should be moderate too. Scenario 1 has the highest total social welfare among the five scenarios when the target sorting rate changes.



What is more, it can be found that when the environmental awareness of residents is weak, adopting mode II and reward–penalty policies for the WCG are suggested. Furthermore, when the environmental awareness of residents is low, a higher reward–penalty intensity should be adopted, while when the environmental awareness of residents is high, the reward–penalty intensity can be reduced.



In summary, the reward–penalty policy can promote the 3RW recycling in a certain mode; however, it is necessary to consider the residents’ environmental awareness, the mechanical sorting rate and the impact of policies on informal recyclers when formulating the reward–penalty intensity and target sorting rate.





6. Conclusions


In view of the fact that developing countries have not yet achieved effective results in the implementation of waste recycling projects, this article is dedicated to finding a suitable mode for recycling 3RW and formulating incentive policies under the NWCRP in China. Based on the implementation of municipal solid waste management regulations in several cities in China, two recycling modes in NWCRP are studied and the profit models of two modes are established based on Stackelberg game theory. What is more, a reward–penalty policy is proposed, and the impacts of different scenarios are also compared. It can be concluded that (1) with increasing reward–penalty intensity, the sorting rate and the profit show upward trends in two modes, while the subsidy efficiency of government decreases; (2) when the reward–penalty policy is implemented for WCGs, the recyclers’ recycling price decreases in the two modes; (3) all scenarios that implement the reward–penalty policy in mode RC have certain advantages in the sorting rate and profit and (4) with increasing reward–penalty intensity and target sorting rate in the reward–penalty policy, the social welfare first increases and then decreases in all scenarios.



In view of the above analysis, some suggestions for building urban 3RW recycling systems are given: (1) if there has no reward–penalty policy, mode II should be chosen when the mechanical sorting rate of the ESEG is high enough; otherwise, mode I should be chosen; (2) enacting reward–penalty policies for the WCG is a more powerful choice, as it can make a decent collection quantity, profit as well as subsidy efficiency and reduce the recovery price, which is conducive to limiting the development of the informal recycling sector; (3) the appropriate values should be selected for the reward–penalty intensity and target sorting rate, as high values for these parameters are not the best for the total social welfare in 3RW recycling.



The research of this article can provide certain theoretical support for the government to choose the recycling mode and formulate incentive policies for the3RW recycling. Certainly, there are still some areas for improvement in this article. For example, the impact of informal organizations on 3RW trading has not been considered in this paper and will be studied in future research.
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Figure 1. Process of 3RW recycling under waste classification project. 
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Figure 2. Process of 3RW recycling in mode I. 
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Figure 3. Process of 3RW recycling in mode II. 
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Figure 4. The impact of  β  on  τ . 
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Figure 5. The impact of  β  on  V . 
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Figure 6. The impact of S on collection quantity. 






Figure 6. The impact of S on collection quantity.



[image: Sustainability 13 07883 g006]







[image: Sustainability 13 07883 g007 550] 





Figure 7. The impact of S on η. 
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Figure 8. The impact of S on πs. 
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Figure 9. The impact of S on V. 
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Figure 10. The impact of S on W. 
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Figure 11. The impact of ξ on W. 
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Table 1. Descriptions of the symbols.
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	Symbols
	Definition





	  A  
	Population of a district in a city



	  q  
	Quantity of 3RW contained in household waste produced by residents each year



	  φ  
	Scaling parameter, represents the average environmental awareness of residents



	    τ 0    
	Sorting rate without publicity and supervision



	   V τ   
	Increased sorting rate under publicity and supervision



	  I  
	Investment cost of publicity and supervision



	    p s j    
	Average recycling price per 3RW set by the recycler of mode j



	  a  
	Price discount of 3RW to transfer station



	  b  
	Proportion of 3RW sorting from garbage by mechanical equipment



	  P  
	Purchase price of 3RW



	  S  
	Reward–penalty intensity established by the government



	  ξ  
	Target sorting rate set by the government



	  γ  
	Government’s fixed cost coefficient in reward–penalty mechanism
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Table 2. Summary of optimal solutions in mode I and II.
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	Mode I
	Mode II





	  τ  
	    τ  I *   = q   P +  S s  +  S e    4 φ   +    τ 0   2    
	    τ  II ∗   =  [   q  2 φ     p ( 1 − α β ) +  S s  +  S h  ( 1 − β )  2  +    τ 0   2   ]  ( 1 − β ) + β   



	Ps
	    p s   I ∗    =   P −  S s  +  S e   2  −    τ 0  φ  q    
	    p s    II  ∗    =   p ( 1 − α β ) −  S s  + ( 1 − β )  S h   2  −    τ 0  φ  q    



	    π s    
	    π s   I ∗    =   A  q 2    4 φ      (    P +  S s  +  S e   2  +    τ 0  φ  q   )   2  − A φ  τ 0 2  −  S s  q A  ξ s    
	    π s    II  ∗    =   A  q 2    4 φ      (    p ( 1 − α β ) +  S s  + ( 1 − β )  S h   2  +    τ 0  φ  q   )   2  − A φ  τ 0 2  −  S h  q A  ξ h    



	    π e    
	    π e   I ∗    =   A  q 2    2 φ      (    P +  S s  +  S e   2  +    τ 0  k  φ   q   )   2  −  S e  q A  ξ e    
	



	    π h    
	
	    π h    II  ∗    =   A  q 2    2 φ      (    p ( 1 − α β ) +  S s  + ( 1 − β )  S h   2  +    τ 0  φ  q   )   2  +  (  p α +  S h   )  q β A −  S h  q A  ξ h    



	V
	    V  I ∗   =   3 A  q 2    4 φ      (    P +  S s  +  S e   2  +    τ 0  φ  q   )   2  − A φ  τ 0 2  −  (   S s  +  S e   )  q A  ξ s    
	    V    II  ∗    =   3 A  q 2    4 φ      (    p ( 1 − α β ) +  S s  + ( 1 − β )  S h   2  +    τ 0  φ  q   )   2  − A φ  τ 0 2  −  (   S s  +  S h   )  q A  ξ h  + q A β  (  α β +  S h   )    
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Table 3. Summary of parameter values.
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	Parameter
	Value





	  A  
	335.8 p



	  q  
	360 t/p/y



	  φ  
	4000



	    τ 0    
	0.05



	  P  
	30 RMB/t



	  α  
	0.6



	  E  
	150 RMB/t



	  γ  
	0.0000006
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Table 4. Summary of scenarios.






Table 4. Summary of scenarios.





	Scenario
	Recycler
	Implementation Objects

of Policies
	Mechanical Sorting Rate





	1
	RC
	WCG/RC
	--



	2
	ESEG
	WCG
	   β = 0.1   



	3
	ESEG
	RC
	   β = 0.1   



	4
	ESEG
	WCG
	   β = 0.4   



	5
	ESEG
	RC
	   β = 0.4   
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