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Introduction: In the context of rural revitalization strategies, effectively managing rural waste is a critical task for achieving ecological environmental sustainability. The current state of garbage collection and transportation is examined in this paper, focusing on the rural waste management practices in Dongfeng County, Liaoyuan City, Jilin Province, through mathematical modeling.Methods: By analyzing the rural domestic waste collection network, the volume of waste generated at various points is fuzzified using the fuzzy mathematical theory.Results: The results of path optimization for waste collection and transportation were derived from a case study, demonstrating the feasibility and practicality of the rural domestic waste recycling network model.Dicussion: Additionally, sensitivity analysis was conducted to assess the impact of changes on the total cost. Potential solutions for rural waste recycling and treatment are offered in this paper, providing valuable insights for the development of a rural domestic waste recycling network in Jilin Province.Keywords: recycling network, facility siting, path optimization, particle swarm optimization algorithm, ant colony algorithm
1 INTRODUCTION
Currently, China’s economy is experiencing rapid development, leading to an increase in the wealth of its population and a diversification of lifestyles. However, this swift economic growth has also resulted in significant environmental pollution, with environmental issues becoming increasingly prominent. Whereas urban waste management has shown marked improvement, the garbage problem in rural areas has not received adequate attention or resolution. Consequently, a substantial amount of waste is improperly disposed of, adversely affecting both the living conditions and health of rural residents. Figure 1 (Taghipour et al., 2016) illustrates the volume of rural waste generated in China from 2013 to 2019. The data presented in Figure 1 indicate a consistent increase in waste generation in rural areas during this period, despite a concurrent decline in the rural population. Additionally, it is evident that per capita waste generation in these areas has risen significantly.
[image: Figure 1]FIGURE 1 | Waste generation in China, 2013–2019.
Through research in Dongfeng County, Liaoyuan City, Jilin Province, and a review of government policies, it has been found that rural waste treatment now mainly adopts the program of village collection–town transfer–county treatment. The entire rural living waste is handled by the county level, and the main treatment methods are incineration and landfill. Compared to the city, there is still a gap in waste classification and recycling treatment work in rural areas. There are still many villagers who dump waste in the ditches, roadside, and other places, which not only pollutes the environment but also the water sources, causing great pollution. The reasons for this are as follows: first, most of the people left behind in the countryside are old people and children, the average cultural level is low, and the awareness of environmental protection is weak. Second, the recycling of rural rubbish has not received enough attention from the government and the residents, and the role of education of the public is limited. Third, due to the economic development of the countryside, the investment in environmental protection is relatively small, the construction of infrastructure is insufficient, and the rubbish recycling facilities and equipment are limited. Limited investment is another factor. Some governments have handed over rubbish removal to a third party, and the removal of rubbish is only a simple treatment. The report of the 19th National Congress clearly puts forward the implementation of the strategy of rural revitalization, the main contents of which include adhering to the harmonious coexistence of man and nature, and building an ecologically livable environment, in which the treatment of rural rubbish is an important part of improving the living environment of the residents. Therefore, it is of great significance to carry out research on rural household waste. The collection and classification of rubbish is for the secondary use of resources and environmental protection, recyclable resources reuse, and protection of the ecological environment; however, at present, there is no complete rubbish recycling system, facilities, and equipment. Poor collection and low transportation efficiency easily cause secondary pollution of the environment, which will also be caused to a certain extent by the facilities, equipment, and other resources. In addition, rubbish collection should also be classified for different purposes. Therefore, from the perspective of logistics, it is of great practical significance to carry out site selection and path planning for rural domestic waste. The challenges in rural domestic waste recycling logistics related to sorting station siting, vehicle scheduling, route planning, and final disposal points are explored in this paper. From a macro perspective, the selection of waste sorting and transfer stations, final processing points, vehicle configuration, and recycling routes can enhance the comprehensive effectiveness of waste recycling, ensure the use value of waste, effectively shorten the waiting time required for recycling processing and transfer, effectively reduce the impact of the recycling process on the quality of life of the residents, and alleviate the pressure of recycling work. From a micro point of view, the establishment of reasonable facility locations helps to reduce the cost of recycling waste, boosts the employment rate of rural residents, effectively reduces the operating costs of environmental protection units, maximizes the benefits for vehicles and personnel, improves the overall management of villages, and prevents environmental pollution and irrational recycling routes due to inappropriate siting.
Domestic waste management in rural areas faces numerous challenges, with many types of domestic waste being inadequately treated due to issues such as insufficient infrastructure and ineffective recycling systems, resulting in exacerbated pollution problems (Zeng et al., 2015; Han et al., 2019). Optimizing the rural waste recycling network can enhance resource recovery efficiency and mitigate environmental pollution while promoting ecological sustainability. Within this network, facility location plays a crucial role in optimization; a well-considered facility location can significantly reduce transportation costs and time, thereby improving recycling efficiency (El-Hallaq and Mosabeh, 2019). This assertion is supported by a study that analyzed domestic waste disposal patterns and methods in the Yaoundé region of Africa, which found that the distance between the facility site and residents significantly influences waste placement behavior (Teixeira et al., 2004). Facility siting methods primarily rely on quantitative approaches, including multi-objective planning (Yang et al., 2007; Moreno et al., 2016), stochastic planning (Mete and Zabinsky, 2010), and the Euclidean distance method (Yadav et al., 2017; Chen et al., 2021). However, in recent years, qualitative analysis methods have also been increasingly applied in site selection. By summarizing and analyzing the theories and modeling techniques related to site selection, some scholars have employed simulation methods to operate and assess actual models, ultimately determining the optimal location for transit stations (Du and Guo, 2015). Subsequently, academics have verified the feasibility of qualitative analysis for research in the field of siting. For instance, Yang et al. examined the fundamental principles and concepts underlying the siting of secondary waste transfer stations in the urban area of Changsha. They established a waste transfer station siting assessment system that prioritizes the minimum economic cost and maximum ecological quality, visualizing their findings through GIS technology and providing an associated optimization scheme (Yang and Tao, 2020). In contrast, Liu analyzed the current state of rural domestic waste recycling in County L and employed cluster analysis for transfer station siting based on the region’s existing development characteristics (Liu M. H., 2021). However, relying on a single facility location is insufficient to effectively address the rural garbage recycling challenge; the study of the transportation network layout is equally crucial. An efficient transportation network ensures that waste is transported effectively from each collection point to the recycling facility, enhancing transportation efficiency while simultaneously reducing carbon dioxide emissions, thereby positively impacting the environment (Chen et al., 2021; Wang et al., 2022). The layout of the waste recycling network is essentially a vehicle scheduling problem in waste collection and transportation. This issue is critical, as changes in it can significantly affect recycling efficiency, thereby influencing vehicle usage and transportation costs. Research on transportation network optimization primarily aims to minimize costs or time, with proposed optimization methods including integer programming (Nema and Gupta, 1999; Mourao and Almeida, 2000), GIS networks (Karadimas and Loumos, 2008), recursive neural networks (Xie and Li, 2022), time windows (Liang, 2015), and multi-objective optimization (Shang et al., 2021). With the gradual deepening of research into rural recycling network optimization, traditional approaches focusing solely on single site selection or path studies are increasingly inadequate to address the complexities of reality. Consequently, more scholars are conceptualizing site selection, transfer station paths, and final transportation routes as an integrated system to better study the multifaceted recycling environment. For instance, Bhat highlighted that significant time is wasted during the collection and transportation of waste, leading to increased variable costs. To address this issue, he developed a heuristic-based optimization model aimed at minimizing both delivery and waiting times for waste disposal, thereby further reducing disposal costs (Bhat, 1996). Building on this, Andrzej introduced an optimization method based on genetic local search for determining the collection frequency of waste collection points, which demonstrated the shortest running time compared to other search methods (Lubotzky et al., 2015). Additionally, some research workers have explored system simulation using hybrid evolutionary algorithms (Caroline, 2011), ant colony algorithms (Zhang et al., 2012; Mou et al., 2021), and genetic algorithms (Deng et al., 2018; Chen et al., 2007). Other scholars have examined the system from a macro perspective. For example, He et al. proposed a comprehensive network recycling system for waste management; however, its implementation requires a solid economic foundation (He, 2012). These findings were corroborated in a study, revealing that sanitation funding, environmental awareness, and management systems are key challenges facing rural waste recycling and treatment, as evidenced by research conducted on domestic waste in a specific area of Tianjin (Zheng, 2018).
2 MODELING OF A RURAL DOMESTIC WASTE RECYCLING NETWORK
2.1 Problem formulation and description
Currently, in most rural areas of China, the volume of domestic garbage is increasing annually and has not been managed effectively. Garbage management is no longer solely a concern for individual villages or towns; it has evolved into a widespread issue affecting the majority of the rural regions in China. With the diversification of rural development, the characteristics of domestic waste in these areas are both numerous and varied. In comparison to urban regions, rural garbage management faces numerous challenges, including inadequate facilities, low levels of environmental awareness among villagers, and poorly structured management organizations. In November 2015, ten departments, led by the Ministry of Housing and Urban-Rural Development, jointly issued the document “Comprehensively Promoting the Guiding Opinions on Rural Garbage Management” (Ministry of Housing and Urban-Rural Development, 2015). This document proposes a rural garbage collection and transportation model characterized by “village collection, town transfer, and county treatment.” The operational process of this model involves initially concentrating rural waste in villages, after which the town government dispatches collection and transportation vehicles to gather all waste from the villages within its jurisdiction. This waste is then transported to a transfer station or a designated treatment facility. Ultimately, the garbage from a county is processed at several different final treatment points.
Effective garbage recycling in rural areas requires not only government management but also an enhancement of environmental protection awareness among villagers. Villagers must dispose off their waste in designated locations within the village, where it can be collected centrally and prepared for transfer to a sorting facility (Jia et al., 2021; Xp et al., 2020). A three-layer network for rural domestic waste recycling is examined in this study, consisting of three types of nodes: the waste generation point, the sorting and transfer station, and the final processing point, along with the connections between these nodes. The process operates as follows: within a county area, multiple garbage trucks depart from the waste sorting transfer station to collect waste from each village, ensuring that every rural area is serviced at least once (assuming the total waste generated in a rural area does not exceed the maximum capacity of the garbage trucks) (Chen and Hu, 2018). Once a truck reaches or approaches its maximum capacity, it must return to the waste sorting transfer station to unload the collected garbage. At the sorting and transfer station, the waste is sorted based on various characteristics and subsequently transported to different treatment facilities. This process is illustrated in Figure 2.
[image: Figure 2]FIGURE 2 | Rural three-tier recycling network design.
In the rural domestic waste recycling network, waste generation points are dispersed across various locations in the countryside, and as such, they are not considered the focus of the network planning study. Instead, the siting of final waste treatment points including recycling and treatment plants, incineration facilities, and landfill sites is of particular importance and is therefore included in the analysis. The number of waste transfer points is substantial, and the selection of their number and locations significantly influences the cost and efficiency of the entire rural domestic waste recycling system; hence, these factors are also addressed in the study. The optimization of collection and transportation functions emphasizes the location of waste collection transfer points and the compatibility between various waste generation points and these transfer points, which can be viewed as both the site selection for waste collection transfer points and the optimization of collection and transportation routes. In summary, taking into account the uncertainty surrounding waste recycling quantities, the optimization of the rural domestic waste recycling network can be examined from two primary aspects: first, the research on the placement of waste recycling transfer points and final treatment points, and second, the optimization of waste recycling routes from the transfer points to each village. The specific performance includes the following:
(1) Considering the negative effects of sorting transfer stations on the surrounding residents and the transportation costs between the upper and lower levels of the network, and considering the location of sorting transfer stations.
(2) Minimizing the system cost and considering the matching relationship between the sorting station and the waste generation point and the costs, and selecting the location of the sorting station and the final waste disposal point.
(3) Optimizing the vehicle transportation path of the distribution network from the waste generation point to the sorting and transfer station with the goal of minimizing the system path.
In this study, waste is categorized into three distinct types for the sake of clarity: the first category, referred to as type I waste, includes materials that can be repurposed through secondary processing, such as glass, waste paper, and metals. These materials can be sorted and subsequently recycled by a recycling and treatment facility. The second category, known as type II waste, consists of non-directly recyclable materials that require incineration, including non-recyclable fabrics. These materials are processed at an incineration plant. The third category, termed type III waste, encompasses non-recyclable garbage that is suitable for direct landfilling. This waste is transported directly to landfills for disposal, as illustrated in Table 1.
TABLE 1 | Classification of rural domestic waste.
[image: Table 1]2.2 Model assumptions
The problem of recycling of rural household waste was a relatively complex problem, and to build this mathematical model and be closer to the actual problem, many practical constraints and factors needed to be taken into account. Therefore, in order to simplify the problem and establish a reasonable mathematical model, the following rationalization assumptions about the problem under study are made in this paper:
(1) Each village must be served every day, the garbage must be removed that day, and each garbage generation point can only be served by one garbage collection vehicle. The amount of waste generated at each waste generation point was not determined.
(2) Waste from the waste generation point cannot be transported directly to the final disposal point (including recycling treatment plants, incineration plants, and landfills), but it must be processed through a waste sorting transfer station before being transported to the final disposal point.
(3) The waste generation points were interconnected with each other by road.
(4) There were only two types of vehicles, waste collection vehicles and sorting and transportation vehicles, and the waste collection vehicles are different from the vehicles that are used for sorting and sending waste to the treatment points.
(5) The vehicles travel at a fixed average speed without consideration of uncertainties during the journey.
(6) The construction area of various infrastructures (space for placement of rural garbage bins, construction area of transfer stations, and end disposal facilities) was adequate.
(7) The fixed costs of garbage generation points are known (including the costs of garbage bins, garbage cleaning personnel, and electric tricycles).
(8) The construction cost of each infrastructure and the capacity and capability of garbage disposal were known and sufficient.
(9) According to the recyclable characteristics of the waste, the waste collected at the waste generation point was divided into three categories at the sorting transfer point: type I (recyclable waste), type II (incinerable waste), and type III (landfillable waste), and the proportion of the total waste volume in the three categories was known.
(10) Type I waste from each sorting station was transported to recycling treatment plants for secondary processing, and landfills and incineration plants are each fixed, but the final treatment center and the sorting station had a “one-to-many” or “many-to-many” relationship.
(11) The alternative locations of waste sorting and transfer stations were known, and the parking lot was located at the waste sorting and transfer station. Vehicles were returned to the parking lot after service was completed.
(12) The alternative locations of the final disposal points (including incineration plants, landfills, and recycling treatment plants) were known
(13) In this paper, it was assumed that when waste collection and transportation was performed, straight-line distances were considered when calculating the transportation distance between facilities, and there was no traffic congestion or traffic restrictions.
2.3 Parameter description
2.3.1 Collection
[image: image] collection of waste generation points, [image: image].
[image: image] sorting staging area collection, [image: image].
[image: image] collection of all transport vehicles; [image: image] collection of garbage collection vehicles; [image: image] collection of vehicles that are sorted and transported to the final disposal point.
[image: image] collection of recycling treatment plants to be selected.
[image: image] collection of incineration plants to be selected.
[image: image] collection of landfill sites to be selected. [image: image]
2.3.2 Model parameters
[image: image] vehicle capacity.
[image: image] vehicle capacity.
[image: image] capacity of the recycling treatment plant.
[image: image] incineration plant capacity.
[image: image] landfill capacity.
[image: image] the average travel speed of garbage collection vehicle [image: image] ([image: image]).
[image: image] the distance from the waste generation point to the sorting and transfer station ([image: image]),
where the distance considering straight line distance [image: image].
[image: image] the distance from the sorting transfer station to the recycling processing plant ([image: image]).
[image: image] the distance from the sorting transfer station to the incineration plant ([image: image]).
[image: image] the distance from the sorting transfer station to the landfill ([image: image]).
[image: image] the distance from the waste generation point to the recycling treatment plant ([image: image]).
[image: image] the distance from the waste generation point to the incineration plant ([image: image]).
[image: image] the distance from the point of waste generation to the landfill ([image: image]).
[image: image] the daily waste generation at waste generation point [image: image].
[image: image] the fuzzy amount of daily waste generation for waste generation point [image: image].
[image: image] the proportion of type I waste.
[image: image] the proportion of type II waste.
[image: image] the proportion of type III waste.
(Note: [image: image], where the equation indicates that all waste has been processed in the model).
[image: image] the service radius of recycling waste vehicle [image: image].
2.3.3 Description of related costs
[image: image] the fixed cost of waste generation point construction.
[image: image] the fixed costs for sorting staging areas.
[image: image]
[image: image] the fixed cost of recycling waste vehicles.
[image: image] the fixed cost of transport vehicles used after classification.
[image: image] the fixed costs for recycling treatment plants.
[image: image] the fixed costs of incineration plants.
[image: image] the fixed costs of landfills.
Annual compensation cost per capita available to residents whose straight-line distance from [image: image] to the sorting staging area is [image: image] kilometers.
[image: image] the cost per unit distance of waste collection and transportation.
[image: image] the storage cost of storable waste per unit of waste in a [image: image].
[image: image] the transportation cost per unit distance of waste.
2.3.4 Decision variables
[image: image] the average number of days in stock at sorting staging area [image: image].
[image: image] the volume of waste shipped from sorting transfer station [image: image] to recycling treatment plant [image: image].
[image: image] the volume of waste shipped from sorting transfer station [image: image] to incineration plant [image: image].
[image: image] the volume of waste shipped from sorting transfer station [image: image] to landfill [image: image].
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2.4 Site selection model construction: objective function and constraints
The traditional recycling network vehicle path planning problem has primarily been approached by scholars as a single-objective function problem, focusing on either minimizing total cost or maximizing satisfaction (Mao et al., 2021; Mao et al., 2019). However, in the context of rural waste recycling networks, solely considering cost in model development does not adequately address the evolving needs of rural infrastructure. In light of the 19th National Congress advocating for rural green development, it is essential to consider the impact of management practices on the living environment of households (Tian et al., 2022; Jiang et al., 2020). Consequently, two objective functions aimed at minimizing both cost and negative environmental effects to effectively address the siting problem of waste recycling networks are established in this paper.
2.4.1 Minimum total cost objective function
Rural domestic waste recycling involves various costs, necessitating a detailed analysis to identify the minimum cost model for the recycling process. Given the characteristics of rural domestic waste recycling, the associated costs can be categorized into several types: recycling costs, treatment costs, transportation costs, and indirectly generated costs.
2.4.1.1 Costs generated from the waste generation point to the sorting and transfer center
In the rural domestic waste recycling network, the associated costs encompass several components: the construction costs of facilities at the waste generation point, the transportation costs incurred when moving waste from the generation point to the sorting and transfer center, the construction costs of the sorting and transfer center itself, the costs associated with sorting the waste, and the storage costs for recyclable materials at the sorting and transfer station.
2.4.1.2 Costs incurred from the sorting and transfer center to final disposal
In addition to the costs incurred at the sorting and transfer stations, transportation costs arise from the sorting and transfer centers to various final treatment locations, along with the construction costs of facilities at these final treatment points. Analyzing the rural domestic waste recycling network reveals that the costs associated with it can be categorized into three primary types: fixed facility construction costs, transportation costs, and recycling network operation costs. Specifically, the fixed construction costs encompass the initial investment required for constructing facilities at the waste generation points, sorting and transfer stations, and final treatment points. The operation costs pertain to the operational expenses of the sorting and transfer centers as well as the final treatment points. Transportation costs are divided into two stages: costs associated with transporting waste from the generation points to the sorting and transfer centers, and costs for transporting waste from the sorting and transfer centers to the final treatment points. Following this analysis, a minimum cost objective function was established (see Equation 1).
[image: image]
2.4.2 Negative effect objective function
As the decision was made by the government, it is essential to consider the impact of the waste sorting and transfer center, as well as the various treatment points, on the surrounding residents when building the rural household waste recycling network. This includes addressing potential negative effects of site selection, such as noise pollution and odors from the sorting and transfer center’s processing of household waste, along with the broader environmental implications for the area. The negative effects on the surrounding community, including noise pollution and odors, must be thoroughly evaluated. In the literature, He, B. proposed a model to address these negative effects as a function of the distance and proximity to residential areas, establishing a positive and negative proportion (He et al., 2007). Liu, M. H. approached the issue by translating the negative effects into compensation costs for residents through government policies (Liu M. H., 2021). A brief discussion of these two methods follows. In He, B.'s analysis, the challenge of selecting a location for the waste sorting and transfer center is highlighted. As the facility is intended to sort waste at the point of generation, residents generally prefer it to be located as far away from residential areas as possible. Thus, in addition to cost considerations, the location must account for the negative impacts on nearby residents. He constructed a mathematical expression for the negative effect function, indicating that the negative impact of the sorting and transfer station is inversely proportional to the distance from households. This relationship is articulated in the following objective function (see Equation 2):
[image: image]
(Here, [image: image] are parameters that indicate the degree of influence of different coefficients on the resulting negative utility.)
In Liu’s treatment of the negative effect, the negative effect generated by the sorting transfer station was converted into the compensation cost of environmental pollution to the surrounding residents. According to the technical specification for domestic waste transfer station, there are standard restriction requirements for the distance between the waste transfer station and adjacent living buildings for regulation, as shown in Table 2 (The Ministry of Construction on, 2006). Determining the compensation mechanism generated by the establishment of the waste sorting transfer point to the nearby villagers requires a comprehensive consideration based on the environmental impact caused to the villagers and the actual income of the local villagers.
TABLE 2 | Spacing requirements for transfer stations and adjacent buildings.
[image: Table 2]He assumed that the transfer station established is medium-sized III, so it can be assumed that the amount of compensation from residents within 15 m of the waste sorting transfer station is infinite. On the basis of the above regulations, the following functional relationship is established between the straight-line distance from the residential area to the waste sorting transfer station and the per capita compensation rate (see Equation 3):
[image: image]
Therefore, based on the above analysis, the negative effects generated by the waste sorting transfer station were translated into compensating costs for the environment of the population, as follows (see Equation 4):
[image: image]
Parameter description
[image: image]: when the straight-line distance from the waste sorting station was in the range of 0.015–0.03 km, for every 0.001 km increase in distance, then the corresponding reduction in annual compensation cost per capita.
[image: image]: annual compensation cost per capita within a 0.03–0.045 km straight line distance from the sorting and staging station.
The values of [image: image] were related to the per capita income of local residents and the scale of the sorting and transfer station, and the higher the per capita income, the higher the compensation standard.
Considering the situation discussed in this paper, the distances considered are closer to the reality as alternative sites to be selected have been given.
Through the analysis, the sorting and transfer stations and the final treatment points (including recycling plants, incineration plants, and landfills) are to be sited in this paper. Considering that all these facilities have negative effects on the nearby residents, they need to be located as far as possible from the villages, that is, the waste generation points, to minimize the negative effects; thus, the distance from the waste generation points is inversely proportional to the negative effects generated (see Equation 5).
[image: image]
(Here, [image: image] were parameters that indicated the extent to which different coefficients affect the resulting negative utility.)
2.4.3 Site selection objective function
2.4.3.1 Objective function
Therefore, the final objective function can be obtained as the following two equations (see Equations 6, 7):
[image: image]
[image: image]
2.4.3.2 Constraints
Constraint that indicates that all type I waste, recyclable waste, was transported to the recycling treatment plant is as follows (see Equation 8):
[image: image]
Constraint that indicates that all type II waste, incinerable waste, was transported to the incineration plant is as follows (see Equation 9):
[image: image]
Constraint that indicates that type III waste, direct landfill waste, can be transported to landfill in its entirety is as follows (see Equation 10):
[image: image]
Capacity constraints for final disposal sites at recycling treatment plants, incineration plants, and landfills are included with the amount of waste transported to each final disposal site not exceeding the capacity of each final disposal site (see Equation 11).
[image: image]
The range of values of each variable is described as follows (see Equation 12):
[image: image]
2.5 Route planning model
From the content of the waste recycling network, the waste recycling path optimization solved the route problem between the multi-waste generation point and the waste sorting transfer station. The model was based on the waste sorting transfer station siting model, and then the optimization of the shortest path between the waste generation point and the waste sorting transfer station was carried out with the vehicle capacity as the constraint, as well as the adaptation relationship among the vehicle, the waste generation point, and the sorting transfer station.
The commonly used objective parameters for solving path optimization problems are: cost (minimum total cost) distance (shortest total path) and time (shortest time spent)." In this paper, the shortest path is selected as the research target when building the garbage collection path optimization model (see Equation 13).
[image: image]
2.5.1 Constraints
The service radius of the sorting transfer station, indicating that the service radius was not less than the distance to each subordinate waste generation point (see Equation 14) was obtained as follows:
[image: image]
There was one and only one service vehicle that limits individual waste generation (see Equation 15).
[image: image]
Vehicle capacity constraint, where the amount of waste transported did not exceed the vehicle capacity constraint (see Equation 16), is obtained as follows:
[image: image]
It was ensured that the collection vehicle arrived at a waste generation point and then left that point (see Equation 17).
[image: image]
3 ALGORITHM SELECTION FOR THE RURAL DOMESTIC WASTE RECYCLING NETWORK
The transfer station siting model in the optimization framework for rural domestic waste recycling, established in the previous section, identifies key variables for investigation. These include the number of sorting transfer stations, their locations, the transportation schemes connecting these stations to waste generation points, and the matching relationships between sorting transfer stations and waste generation points. Analyzing the data reveals that on average, each county in China comprises approximately 12 townships and 200 villages, indicating a substantial data scale. Existing exact algorithms, which are effective for small-scale, high-demand problems, are not suitable for this context. However, heuristic algorithms demonstrate effectiveness across a broader range of problems, accommodating the model’s multiple constraints to achieve satisfactory solutions. The solution method for the recycling network model will be selected from among these heuristic algorithms. Whereas various meta-heuristic algorithms possess distinct characteristics that may be more suited to this problem, the particle swarm optimization algorithm, although influenced by the randomness of iteration speed, shows promise for continuous variable optimization. Nevertheless, it has limitations in optimizing discrete facility siting. Both the ant colony algorithm and the particle swarm optimization algorithm fall under the category of swarm intelligence algorithms, and leveraging group feedback can significantly enhance the optimization speed of these algorithms while ensuring strong stability.
3.1 Site selection issues
3.1.1 Solving multi-objective optimization problems using PSO algorithm
As the problem of selecting the location of the waste sorting transfer station is a mixed integer programming problem based on continuity solution, the PSO algorithm is chosen to deal with this multi-objective optimization problem. The advantage of the PSO algorithm is that it has the memory function and is simple and easy to be implemented.
In the 1990s, Shi and Eberhart proposed the concept of inertia weight [image: image], which aimed to improve the performance of the PSO algorithm (Shirazi et al., 2017). After that, other scholars have continuously studied and analyzed the inertia weight, and concluded that inertia weight w greatly affects the optimization results. For any particle [image: image] in the particle swarm, when the position and velocity of the [image: image] update are [image: image] and [image: image], respectively, the velocity and position of particle [image: image] in the [image: image]th iteration can be expressed as follows Equations 18 and 19:
[image: image]
[image: image]
[image: image] the inertia weight, which is how much the velocity in front of the particle affects the current velocity.
[image: image] the learning factor, usually taken as [image: image], in order to facilitate the convergence of the solution; generally, the larger the learning factor, the better the convergence [image: image].
[image: image] the constraint coefficients, and [image: image] are random numbers between [image: image].
[image: image] the best position of a particle after updating itself [image: image] times is called [image: image].
[image: image] the position of the best particle that occurs in the [image: image] update in the particle swarm is called [image: image]
Shi and Eberhart pointed out through analysis that if weight w is varied linearly between [0.4, 1.4], then the optimization effect of the algorithms are slightly better than other values of the weight factor; they also illustrate that when the inertia weights are small, it is suitable for local search, and when it is large, it is suitable for global search.
Currently, most of the research studies are using the strategy of linearly decreasing weights for dynamic changes, and its expression can be described as follows Equation 20:
[image: image]
[image: image] the maximum and minimum values of inertia coefficients.
[image: image] the maximum number of iterations.
[image: image] the current number of iterations.
In order to avoid falling into local optimization during the particle swarm solving process, an adaptive mutation method is generally used to adjust the position of the particles, and the expression can be described as follows Equations 21 and 22:
[image: image]
[image: image]
[image: image] the population size.
3.1.2 Multi-objective PSO flow
The specific optimization algorithm flow is illustrated through an example of objective function minimization.
Step 1 involves initialization, where a population size of [image: image] is defined, and the positions of random particles are generated as [image: image] and [image: image]. The fitness value is calculated for each objective function, leading to the determination of both the individual extreme value and the global extreme value.
Step 2 focuses on updating the particle population, where velocity [image: image] and position [image: image] are adjusted based on the global vector mean [image: image] and the individual extreme value [image: image] of the computed functions.
Step 3 entails updating the set of non-inferior solutions.
Step 4 involves updating the optimal solution identified by each particle.
Step 5 assesses the termination condition; if the condition is satisfied, then the program terminates; otherwise, it returns to step 2 to continue the optimization process.
3.2 Path optimization issues
The path planning problem can be described in terms of a traveler’s problem. According to the characteristics of the problem that needs to be solved in this paper, only the sorting transfer station has multiple vehicle departures to collect and transport all the waste from all the waste generation points. Therefore, the mathematical model of the multi-traveler problem is used for modeling and solving in this study.
3.2.1 Solving the path planning problem using the ant colony algorithm
The number of ants located in city [image: image] at moment [image: image] is denoted by [image: image], the pheromone value on edge [image: image] at moment t is denoted by [image: image] the total number of cities in the traveler problem is denoted by [image: image], and the total number of ants in the colony is denoted by [image: image], i.e., [image: image]. When [image: image], i.e., at the initial moment, the same pheromone is set for each path, and m ants are arbitrarily put into one of the [image: image] cities among the [image: image] cities and set as [image: image].
Any ant [image: image] in the course of action decides the direction of movement based on the start information of the path and the size of the pheromone. Then, path selection probability [image: image] of ant [image: image] moving from city [image: image] to city [image: image] at moment [image: image] can be expressed as the following equation:
[image: image]
In the above equation, the place where the ant is currently located is denoted as [image: image] and the place that the ant has not yet been to is denoted as [image: image]. In this cycle, the set of places that ant [image: image] has not yet been to is denoted by [image: image]; the information heuristic factor is [image: image], which reflects the relative importance of the size of the pheromone in the ants’ choice of paths; the smaller the value of [image: image] is, it indicates that the ants’ choice of the next path seldom relies on the pheromone, and the bigger the value of [image: image] is, it indicates that the path choice mainly relies on pheromone for path selection; the expectation heuristic factor is [image: image], which reflects the relative importance of path length for path selection; the larger the value of [image: image], it indicates that ants choose the next path with a shorter path as a measure. [image: image] is used to denote the heuristic function, which is generally taken as the inverse of the distance [image: image] between the two cities [image: image], i.e., Equation 24
[image: image]
In order to prevent ants from making repetitive choices of the places they have already visited, the taboo table [image: image] will be used to save the places that ant [image: image] has already visited. If all the places have been recorded by [image: image], it indicates that ant [image: image] has already traveled to all the places, forming a loop once, which means that a feasible solution to the traveler’s problem has been obtained.
After the above steps are completed, the pheromones on the path are updated according to the following principles. Updating the size of the pheromone on edge [image: image] at moment [image: image] is done according to the following rule:
[image: image]
[image: image]
In the above equation, the volatilization factor of the pheromone is represented by [image: image], and this factor always satisfies [image: image]; in contrast, the corresponding [image: image] is the residual factor of the pheromone. The amount of change on the edge of the [image: image] ant during that cycle is represented by [image: image].
[image: image]
3.2.2 Steps for solving the path planning problem using the ACO algorithm

Step 1: Initialization of parameters. The maximum number of cycles [image: image] is set; first, the number of cycles [image: image] is set, and the taboo table [image: image] is cleared so that the initialized pheromone of each edge [image: image] satisfies [image: image], where [image: image] is a constant, and the incremental amount of pheromone at the initial moment [image: image].
Step 2:    The number of cycles [image: image].
Step 3:    Place [image: image] ants on [image: image] cities, and then add the city where ant [image: image] is located to the taboo table [image: image] of ant [image: image].
Step 4:    The number of ants [image: image].
Step 5:    The probability [image: image] that ant [image: image] chooses a path to move to the next city [image: image] according to Equation 23, and then [image: image] is added to the taboo table [image: image] of ant [image: image].
Step 6:    The number of ants [image: image].
Step 7:    If [image: image] is satisfied, perform step 5; otherwise, perform step 8.
Step 8:    Update the path pheromone according to Equation 25 and Equation 26.
Step 9:    If the verification of [image: image] is satisfied, then continue to the next step; if not, then the taboo table [image: image] has to be emptied, and go back to step 2 for solving.
Step 10: Output the shortest path and end.
4 CASE STUDIES AND MODEL SOLVING
Dongfeng County, which is part of Liaoyuan City in Jilin Province, is situated in the south-central region of Jilin Province. It comprises 12 towns, including Dongfeng Town, Lalahe Town, and Nadanbo Town, among others, with a combined population of approximately 400,000 residents. In Dongfeng County, rural waste management is implemented through a third-party service model, wherein the government contracts third-party service companies to collect, transfer, and treat household waste. However, the current model lacks a systematic approach for the planning and management of waste collection and transportation. The dispersed nature of villages, particularly in mountainous areas, exacerbates this issue, as inadequate planning results in elevated costs for waste collection and transportation. Consequently, the entire recycling process is characterized by high operating costs and low efficiency. Furthermore, villages lack waste bins for garbage separation and do not have centralized recycling sites. The prevailing waste disposal method relies on direct dumping and landfilling of unsegregated waste, which constitutes a relatively uniform approach.
4.1 Data preparation
Through research and information gathering, the essential data required have been collected. To enhance the numerical simulation experiment’s relevance to real-world conditions, Dongfeng County in Liaoyuan City, Jilin Province, is selected in this paper as the scope of experimental analysis. Fifty-two villages are identified as garbage generation points, with their specific coordinates and the volume of waste produced at each location presented in the table below. Based on the current waste disposal situation in Dongfeng County, which operates under a three-level network of village, town, and county, and considering the distribution of the selected village samples, ten sorting and transfer stations are proposed as experimental alternatives, distributed across each town. Additionally, three incineration plants, three landfills, and two recycling plants are selected as alternatives. The coordinates of these alternative locations are detailed in Table 3. The fundamental principles guiding the layout of each implementation are as follows:
TABLE 3 | Coordinate information of the location of each village (waste generation point) and fuzzy waste yield.
[image: Table 3](1) The final treatment facilities, including incineration plants, recycling treatment plants, and landfills, must be situated away from the waste generation points, specifically distanced from residential areas. (2) The distribution of sorting and transfer stations should be closer to the waste generation points than the incineration plants and landfills, while still being relatively distant from residential areas.
Note: in the actual site selection process, the operation of waste recycling treatment facilities may significantly impact the lives of villagers. Therefore, the location of these facilities should consider various factors, including rural planning, water resources, geographic conditions, and transportation infrastructure.
The fuzzy waste generation was specified to obtain data, as in Table 4.
TABLE 4 | Waste production of each waste generation point.
[image: Table 4]Based on the actual construction needed of each site and the population distribution and geographical characteristics of Dongfeng County, alternative sites for sorting and transfer stations, incineration plants, landfill plants, and waste recycling plants were drawn up, as shown in Table 5.
TABLE 5 | Alternative coordinates for each site.
[image: Table 5]Based on the above data, the following coordinates including the location of waste generation points, sorting transfer stations, and incineration plants, landfills, and waste treatment plants in the Cartesian coordinate system are plotted. This is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Location distribution of all sites.
Through the results of the research and the search for information, the parameters required for the construction of the rural household waste recycling network were estimated and determined. The specific data are shown in Table 6.
TABLE 6 | Parameters required for network construction.
[image: Table 6]According to the above parameters, the particle swarm optimization algorithm was used for optimal site selection using the established objective function.
4.2 Experimental platform
The arithmetic experiments in this paper were conducted with MATLAB 2019a software application as the platform. MATLAB, launched by MathWorks, is a set of high-performance numerical calculation and operation software applications that can be visualized, which is powerful for scientific calculation, flexible in programming process, and has a high quality in graphic display and clear results when solving with the design of visual interface, so the software application is globally used.
4.3 Facility siting solution
4.3.1 Facility siting model solving
In this paper, the analytically selected algorithm and the designed algorithm flow were applied and programmed on the MATLAB platform. The algorithm flow used the particle swarm optimization algorithm flow. The previous model value settings and the analysis of the particle swarm optimization algorithm solution process were combined, and the assignment of the relevant parameters in the model for this solution is shown in Table 7.
TABLE 7 | Partial parameter settings of the particle swarm optimization algorithm.
[image: Table 7]According to the above parameter settings, the particle swarm optimization algorithm was used to find the minimum cost according to the requirements of the objective function and constraints, and the number and location coordinates of each sorting transfer station, recycling plant, incineration plant, and landfill plant were output on the basis of the minimum cost obtained. After the optimization algorithm, the results are shown in Figure 4.
[image: Figure 4]FIGURE 4 | Distribution of site coordinates after site selection.
From the distribution diagram, we can see the number of each target site required by the particle swarm optimization algorithm to find the optimal number of sites, of which the optimal number of sorting transfer stations required is five, which are evenly distributed near each waste generation point. The optimal number of incineration plants required is one, located on the left side of the more concentrated waste generation point, in line with the actual needs of reality. The optimal number of landfill plants required is one, located in the middle. The optimal number of recycling plants required is two. The specific coordinate locations of each site are shown in Table 8.
TABLE 8 | Specific coordinate locations of each site.
[image: Table 8]The algorithm iteration diagram is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Algorithm iteration diagram. (A) Minimum cost. (B) Negative effect.
From Figure 5A, it can be seen that the algorithm found the optimal solution at 3,133 iterations and got the minimum cost of 347,321,480,000 and the negative effect of 863.0287. From Figure 5B, the optimal number of sorting transfer stations needed to be five, which are uniformly distributed in the vicinity of all waste generation points, and the coordinates of the waste generation points belonging to the vicinity of each sorting transfer station attributed by the particle swarm optimization algorithm can be determined and marked using different colors, as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Distribution of garbage generation points.
The number of coordinated and coordinate points of waste generation points attributed in the vicinity of each sorting and transfer station is shown in Table 9.
TABLE 9 | Number and coordinated of waste generation points attributed to the vicinity of the sorting and transfer station.
[image: Table 9]4.3.2 Sensitivity analysis
In the domestic waste recycling network, the change of transportation cost will also have some effect on the total cost. Therefore, the unit transportation cost of waste at [100,180] was divided into five groups, and the final experimental calculation results are shown in Table 10.
TABLE 10 | Results of transportation cost sensitivity analysis.
[image: Table 10]From Figure 7, it can be seen that there was a linear positive relationship between unit transportation cost and total cost. In addition, it can be seen from the data of cost change that the total cost of transportation increases by approximately 3% for every 20 CNY increase in the transportation cost.
[image: Figure 7]FIGURE 7 | Transportation cost sensitivity analysis chart.
4.3.2.1 Sensitivity analysis of collection cost
In the rural household waste recycling network, waste collection cost occupies an important position, and its change has a huge impact on the cost. Therefore, in order to study the law of its influence on cost, it was analyzed. The garbage unit collection cost [460,580] was divided into five groups and run several times for each collection cost, and the optimal results were recorded, as shown in Table 11.
TABLE 11 | Collection cost sensitivity analysis results.
[image: Table 11]From Figure 8, it can be concluded that the total cost and the cost per unit of garbage collection are linearly and positively related to each other. From the data of cost changes, it can be seen that when the cost of garbage collection increased by 40 CNY, the total cost increased by approximately 2.8%. The number of sorting stations fluctuates as the unit collection cost increases, and when the unit collection cost reaches 540 CNY, the number of sorting stations increases from five to eight, indicating that the increase in the total cost due to the high collection cost can be avoided by increasing the number of sorting stations. It shows that there was a dynamic balance between the number of sorting stations and the unit collection cost. When the unit collection cost is too high, the total cost can be reduced by increasing the number of sorting stations and indirectly reducing the distance from the waste generation point to the sorting station.
[image: Figure 8]FIGURE 8 | Collection cost sensitivity analysis chart.
4.4 Route planning solution
Based on the results of the facility siting problem, the waste collection routes for the different sorting transfer stations are solved. The coordinates of the waste generation points to be collected by each sorting transfer station are shown in Table 12, as shown in the previous section for the siting of sorting transfer stations, incineration plants, landfill plants, and recycling plants.
TABLE 12 | Coordinates of waste generation points near sorting and transfer stations.
[image: Table 12]According to the objective function obtained from the path planning model, path planning is carried out for the waste generation points of each sorting and transfer station in turn. The serial numbers on the path planning are the default coordinate point ordering of the algorithm, and they do not represent the actual waste generation point location serial numbers. The planning results are shown in Figures 9–13.
[image: Figure 9]FIGURE 9 | Path planning of waste generation points attributed to the vicinity of sorting transfer station 1.
[image: Figure 10]FIGURE 10 | Path planning of waste generation points attributed to the vicinity of sorting transfer station 2.
[image: Figure 11]FIGURE 11 | Route planning for waste generation points attributed to the vicinity of sorting transfer station 3.
[image: Figure 12]FIGURE 12 | Route planning for waste generation points attributed to the vicinity of sorting transfer station 4.
[image: Figure 13]FIGURE 13 | Route planning for waste generation points attributed to the vicinity of sorting transfer station 5.
The path planning of the waste generation points attributed to the vicinity of sorting transfer station 1.
According to the route planning results in Figure 10, it can be seen that four closed routes were formed from sorting transfer station 1, which were 0-5-9-0, 0-7-8-6-0, 0-1-2-0, and 0-3-4-0. The four routes were the optimal routes obtained from the solution, and the algorithm finds the shortest distance of 218.7982 km after approximately 10 iterations. According to the route planning results, four vehicles were needed to collect waste from the waste generation points distributed near sorting transfer station 1.
The route planning for waste generation points attributed near sorting transfer station 2.
According to the path planning results in Figure 11, it can be seen that five closed routes were formed from sorting staging area 2, which are 0-13-12-0, 0-2-11-10-0, 0-9-8-0, 0-7-6-1-0, and 0-4-5-3-0. The five routes were the optimal routes obtained from the solution, and the algorithm found the shortest distance after approximately 25 iterations as 404.3166 km. According to the route planning results, five vehicles are needed to collect waste from the waste generation points distributed around sorting transfer station 2.
The route planning for waste generation points attributed near sorting transfer station 3.
According to the path planning results in Figure 12, it can be seen that seven closed routes were formed from sorting staging area 3, which are 0-13-14-0, 0-7-5-0, 0-4-2-0, 0-3-0, 0-6-1-0, 0-9-12-0, and 0-8-11-10-0. Seven routes were the optimal routes obtained by solving the algorithm after approximately 22 iterations to find the shortest distance. The shortest distance is 535.7837 km. According to the route planning results, seven vehicles were needed to collect waste from the waste generation points distributed around sorting transfer station 3.
The route planning for waste generation points attributed to the vicinity of sorting transfer station 4.
According to the route planning results in Figure 13, it can be seen that five closed routes are formed from sorting transfer station 4, which are 0-1-0, 0-9-6-0, 0-2-4-0, 0-3-5-0, and 0-7-8-0. The five routes are the optimal routes obtained from the solution, and the algorithm found the shortest distance of 216.7752 km. According to the route planning results, five vehicles were needed to collect waste from the waste generation points distributed near sorting transfer station 4.
The route planning for waste generation points attributed near sorting transfer station 5.
According to the route planning results in Figure 14, it can be seen that three closed routes are formed from sorting transfer station 5, which are 0-4-5-0, 0-2-1-3-0, and 0-6-7-0. The three routes are the optimal routes obtained from the solution, and the algorithm finds the shortest distance of 177.8093 km in approximately 13 iterations. According to the route planning results, three vehicles were needed to collect waste from the waste generation points distributed near sorting and transfer station 5.
[image: Figure 14]FIGURE 14 | Summary results of route planning.
Through the above route planning, we got the route planning results for the vicinity of five sorting and transfer stations. From the results, we find that a total of 24 vehicles are needed to collect the garbage from all the garbage generation points, and the shortest route distance for collecting the garbage is approximately 1,553.4776 km in total. The summary results of the route planning are shown in Figure 14.
After the route planning, all the waste generation points were divided into five areas, and the number of waste generation points and the location of sorting and transfer stations in each area are relatively reasonable. Therefore, the effectiveness of rural domestic waste recycling network planning was verified by bringing in simulated data using randomly generated random points within the area. The optimal incineration plant, recycling treatment plant, landfill, and sorting transfer station sites and the corresponding path optimization are finally obtained. Model sensitivity is also analyzed in this study in terms of transportation cost and waste share, and the degree of influence of the corresponding parameters on the model is obtained. The effectiveness of the model and algorithm is finally verified.
5 CONCLUSION
In the context of the strategy of rural revitalization put forward in the report of the 19th Party Congress, adherence to ecological environment is the key to rural construction work. As the economy continues to develop, the amount of rubbish in rural areas is increasing yearly, and the rural rubbish recycling infrastructure is underdeveloped, with limited treatment methods. Villagers have low awareness of rubbish classification, and rubbish generation points are scattered. A village–town–county collection and transport model that integrates waste transfer stations with classification functions is proposed in this paper. Waste is sorted and transferred through these sorting transfer stations, with site selection and route optimization based on a three-tier waste recycling network. Trapezoidal fuzzy numbers were introduced to address the uncertainty of waste generation at the point of generation. Subsequently, the optimization problem of the rural domestic waste recycling network was investigated, including two sub-problems of facility siting and route optimization. The problems of the current waste recycling network were analyzed, and a siting model considering negative utility and minimum cost was developed. This model facilitates siting studies for waste sorting and transfer stations, as well as final disposal sites, including recycling and treatment plants, incineration plants, and landfills. In order to improve the efficiency of vehicle pooling at sorting and transfer stations, a path optimization model centered on the shortest path was developed. By analyzing the advantages and disadvantages of various algorithms and considering the characteristics of the model, the particle swarm algorithm is selected to solve the dual-objective site selection model and the ant colony algorithm is used for path optimization. Taking Dongfeng County, Liaoyuan City, Jilin Province, as an example, the actual data of Dongfeng County is collated, and MATLAB 2019a is used to verify the validity and feasibility of the model, providing valuable insights into rural waste resource treatment. The challenges faced by rural waste recycling networks are explored in this paper. Although some results have been achieved, there are still some shortcomings that require further research and analysis in the following three areas:
1. In the waste collection and transport process, the calculation of transport distances between facilities is based on straight-line distances. Future research should take into account actual road conditions. The application of GIS technology can also improve the accuracy of the study by reflecting real-world scenarios.
2. Due to data collection limitations and specific circumstances, only one collection vehicle and a limited collection timeframe were considered in the solution process. This aspect can be further refined in subsequent studies. Meanwhile, classical algorithms have limitations in improving performance, and quantum computing methods, convolutional neural methods, etc., can be discussed for performance studies in future research.
3. In solving the site selection problem, the calculations were based only on the local area and villages in Dongfeng County, without considering the local geography and neighboring developments. These factors should be integrated into future optimization efforts. Future research will focus on addressing these identified shortcomings.
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