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Recycling and remanufacturing waste electrical and electronic equipment (WEEE) can promote the comprehensive utilization of resources and promote the development of the circular economy. However, there are associated risks involved. This study explored the effectiveness of risk control in the WEEE closed-loop supply chain to provide decision support in the sustainable development of WEEE. The catastrophe progression method was used for risk evaluation, and the WEEE risk control model was constructed using system dynamics to analyze the influence of risk control strategies. The results show that adopting risk control strategies positively promotes risk control. Risk mitigation is most pronounced when both the fund subsidy and the green and low-carbon strategies are adopted. When only one approach is implemented, the green and low-carbon strategy has a more considerable effect. When the intensities of the mitigation measures are improved to the same extent, the risk control effect generated by the fund subsidy strategy was found to have a greater impact. The findings provide a useful reference for formulating subsequent risk control strategies in the WEEE closed-loop supply chain.
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1 INTRODUCTION
The development of science and technology and the progress of society have prompted the continuous innovation of electronic products. In particular, notebook computers and mobile phones are being improved, upgraded, and updated at very fast rates. Because of this, many electronic and electrical products are being disposed of or discarded. In China, according to a white paper on the Waste Electrical and Electronic Equipment (WEEE) recycling industry, the theoretical amount of scrap TV sets, refrigerators, washing machines, air conditioners, and microcomputers in 2020 was about 189 million and is estimated to grow at an annual rate of 3%–5% (Shittu et al., 2021). By 2030, global e-waste is expected to reach 74.7 million tons (Houessionon et al., 2021).
WEEE has a tremendous recycling value. For example, the medals for the 2020 Tokyo Olympic Games were made of raw materials extracted from discarded electronic products. But if not properly disposed of or discarded, WEEE can harm the environment and the human body. For example, several heavy metals, especially Cd, Cu, Pb, and Zn, were found to exceed acceptable levels in the farmland soils near an e-waste removal area in Qingyuan, Guangdong province. Cadmium (Cd) and copper (Cu), even at low-level exposures, may pose significant health risks (Zhang et al., 2015; Wu et al., 2018). In another study, the heavy metals (e.g., Cd, Ni, Pb, Cu, Zn, and Cr) in the surface sediments of nearby river outlets exceeded China’s third-level environmental quality standards for soils (GB15618-1995) (Lin et al., 2015).
In the recycling and dismantling of electronic waste, useful substances are extracted through acid-base soaking, incineration, heating, and melting. But due to atmospheric deposition and rainwater runoff, huge quantities of broken particles, fly ash, residues, and pickling wastewater are produced from the processing of electronic waste. High amounts of toxic and harmful heavy metals and organic pollutants are directly introduced into the environment and pollute the local ecology (Lin et al., 2015; Zhang et al., 2015).
The closed-loop supply chain refers to a completely closed-loop system formed by considering reverse logistics based on the traditional forward supply chain. The closed-loop supply chain of waste electrical and electronic products comprises various processes, such as recycling and remanufacturing. Proper recycling and disposal of WEEE promotes the comprehensive utilization of resources and the development of a circular economy and protects the environment and human health. However, there are numerous complexities and associated risks in the recycling process.
First, the source channels of recycling WEEE are complex and are mainly divided into formal and informal recycling. When recycling through formal channels has considerably fewer safety risks, its proportion is minuscule. According to the latest survey of WEEE processing enterprises by the China Household Electric Appliance Research Institute, among the waste products processed in 2020, the recycling through formal channels of TV sets accounted for 2.7%, refrigerators 2.6%, washing machines 2.7%, room air conditioners 8.3%, and microcomputer 8.9%. In comparison, the recycling from informal channels of TV sets, refrigerators, washing machines, room air conditioners, and microcomputers accounted for 78.0%, 78.2%, 77.7%, 77.0%, and 75.4%, respectively.
Second, the WEEE recycling process is complicated and includes recycling, disassembly, and classification, among others. The process has many links, scattered management, and weak points.
Third, informal dismantling activities are extremely harmful. The dismantling process of WEEE for reuse needs corresponding technical support. In China, the dismantling of WEEE is mainly a combination of manual dismantling and mechanical processing. Informal dismantling activities can adversely affect the environment and cause physical harm to the dismantling personnel. According to professionals, WEEE contains a large number of polluting elements, which can be toxic to the human body. For example, making a computer requires more than 700 kinds of chemical materials, of which more than 300 are harmful to human beings. At the same time, WEEE generally contains Pb, Cd, Hg, and other harmful materials. These elements will not cause damage to the human body when using electronic products normally but will cause a lot of pollution to the informal disassembly of WEEE.
To address these concerns, a system dynamics model was developed that explores and analyzes effective solutions dealing with the various risks in the WEEE recycling process. The rest of the article is arranged as follows. The second section presents the literature review, and the risk analysis of WEEE is shown in the third section. The fourth section constructs and tests the system dynamics model, while the fifth section analyzes the simulation results of the model. The management implications are discussed in the sixth section, and the study conclusions are presented in the seventh section.
2 LITERATURE REVIEW
2.1 Recycling and policy strategy of waste electrical and electronic equipment
Due to the rapid industrialization and urbanization in recent years, setting and achieving sustainable development goals are critically needed (Shahsavar et al., 2022). More research on sustainability continues to be concerned. Ghoushchi et al. (2021) proposed a novel approach for selecting the optimal landfill for medical waste using Multi-Criteria Decision-Making methods. Sadri et al. (2021) provided a good multidimensional evaluation of the status of ports to formulate development policies and create green ports. Pang et al. (2022) proposed to separate particles according to density, and it is applied to the recovery of lithium iron phosphate from spent lithium battery materials.
The recycling and management of electronic products have become a major research focus in various fields. For example, Besiou et al. (2012) and Ardi and Leisten (2016) explored and analyzed the problems associated with the informal recycling of electronic products. Rautela et al. (2021) concluded that establishing an environmentally friendly recycling regulatory system would help maintain a sustainable and resilient environment while minimizing adverse impacts. Guo et al. (2021) measured the environmental benefits of recycling and processing of WEEE and analyzed the spatial distribution of ecological benefits to promote the rational planning and layout of the recycling and processing system.
With the gradual deepening of research on the recycling of electronic waste products, relevant studies have been conducted on the reward and punishment mechanisms and fund systems for WEEE. Wang and Da (2010; 2013) discussed the optimal parameters of the government reward and punishment mechanism of the reverse supply chain of electronic products and studied decision-making in electronic waste recycling under the government’s reward and punishment mechanism. Luo and Wang (2020) evaluated the strategy of a government subsidy closed-loop supply chain from the perspective of product greenness. Xiang et al. (2017) analyzed the problems in the fund subsidy system of waste household appliances. Zhao et al. (2018) discussed a more innovative incentive and constraint mechanism for recycling and explored the impact of fund policies for recycling treatment on production and recycling enterprises. Wang and Shen (2018) studied the restructuring of the closed-loop supply chain structure and the modification of its operation mode under the fund system of WEEE treatment and the new policy. Zhao et al. (2020) analyzed the effectiveness of the reward and punishment mechanism for the implementation of the EPR system and constructed a more effective producer-led reverse closed-loop supply chain model.
2.2 Risk management of the supply chain
Traditional research on supply chain risk management includes risk identification, assessment, and control. Kleindorfer and Saad (2005) identified and classified risks from the perspective of supply chain design and management. They divided supply chain risk into external contingencies and internal risk factors that coordinate the complex system of supply and demand. Wagner and Bode (2008) grouped the supply chain risk sources into five categories: demand-side, supply-side, infrastructure, catastrophic, and regulatory, legal, and bureaucratic. Wang et al. (2012) blended fuzzy logic with the analytic hierarchy process to analyze the overall risk of the fashion supply chain under the green initiative. Ye and Liu (2017) used knowledge-based risk control assessment to share real-time supply chain decision-making knowledge and proposed a knowledge management-based supply-chain risk-control assessment model. Ruan et al., (2021) proposed a combined optimal control method for the pollution risks in the smart cold chain for drinking water.
Several scholars also conducted research on the different types of risk preferences. For example, using system dynamics, Li et al. (2021) studied the influence of retailers’ wind avoidance behavior on the whole fresh supply chain. Zhang and Zhang (2021) and Shi et al. (2021) studied the different decisions of risk-averse retailers in the dual-channel closed-loop supply chain. The former focused on the pricing of the supply chain, while the latter focused on the influence of the degree of risk-averse behaviors of retailers in different dual-recovery channels. Wang et al. (2021) analyzed the manufacturer-dominated supply chain and introduced the fairness preference factor into the supply chain risk transfer to explore the utility and internal mechanism of member fairness preference in the pricing and income risk transfer caused by production cost fluctuations. Gu and Zhang (2016) studied the two-stage supply chain composed of risk-neutral suppliers and loss-averse retailers and investigated the retailer’s order decision-making behavior and the coordination function of revenue-sharing contracts under loss aversion.
In addition to traditional supply chain risk research, other scholars have also explored supply chain risk management with reverse logistics. Lundin (2012) discussed the changes in system risks under different closed-loop supply chain channel structures using case studies. Nakashima and Gupta (2012) designed a multi-kanban system to reduce closed-loop supply chain risks. He (2017) focused on different supply risk-sharing contract designs in the recycling process and examined the impact of supply and demand risk reduction on the financial and environmental performance of closed-loop supply chains. Jabbarzadeh et al. (2018) proposed a stochastic robust optimization model for closed-loop supply chain networks with strong adaptability for different disruption risk situations.
In summary, research on electronic products and traditional positive supply chain risk management has achieved certain results. However, the current research on e-waste has mainly focused on the recycling channels, methods, government regulations, and the fund system rewards and punishments. In addition, traditional studies on supply chain risks have concentrated on the risk management side and the different risk preference types of supply chain members, largely overlooking the closed-loop supply chain risk management for waste electrical and electronic equipment and control. Based on this, this study analyzed the risks in the WEEE closed-loop supply chain and used the catastrophe progression method for risk assessment. A system dynamics model, which includes a closed-loop supply chain process, was developed to explore effective risk control measures in the WEEE closed-loop supply chain and provide decision support for green management and sustainable development of e-waste.
3 RISK SOURCE ANALYSIS OF THE CLOSED-LOOP SUPPLY CHAIN OF WASTE ELECTRICAL AND ELECTRONIC EQUIPMENT
Identification of risk sources is the basis of effective risk control. In this study, from the perspectives of society, economy, and environment (A1, A2, and A3), the recycling, disassembly, classification, and recovery of WEEE in the closed-loop supply chain were considered in identifying significant sources of risks. As risk sources have varying influences on risk levels, the subdivision index was divided into positive factors (B2, B4, and B6) that increase risks and negative factors (B1, B3, and B5) conducive to risk reduction. Using the subdivision index, the importance of each source was ranked (1>2>3>4), as shown in Table 1.
TABLE 1 | Index sources and importance ranking of risks.
[image: Table 1]The catastrophe progression method is a comprehensive evaluation method based on fuzzy mathematics and the catastrophe theory, developed in 1972 by the French mathematician Rene Thom. There are four common catastrophe models (Table 2). In the table, t, u, v, and w represent external control variables, which are taken into the normalization formula, according to the importance of indicators. For the complementarity between indicators, the average value is used to optimize the difference between indicators. The non-complementary indicator set adopts the “minimum criterion” to determine the catastrophe level value, thereby realizing the quantitative and comprehensive evaluation of the system.
TABLE 2 | Four common catastrophe models and normalized formulas.
[image: Table 2]According to the catastrophe model based on the catastrophe progression method (Zhou and Zhang, 2008), B1, B3, and B6 belong to the cusp catastrophe, B2 and B5 belong to the fold catastrophe, and B4 belongs to the butterfly catastrophe. In this study, the data were collected using questionnaires and from relevant reports from the Ministry of Ecology and Environment of the People’s Republic of China and the China Household Electric Appliance Research Institute. Based on the principles of complementarity and importance ranking, the relative importance of the risk segmentation index was obtained, and each weight after normalized treatment was determined.
As shown in Table 3, the increased weight of impact risks accounts for the same proportion at the environmental and economic levels and has the largest proportion at the social level. The reason is that the recovery rate of informal recovery is several times higher than that of formal recovery. At the environmental level, according to China’s Ministry of Ecology and Environment, the formal disassembly rate for WEEE officially recycled is 81.82%, while the classified recovery rate for disassembled products is 98.9%. This means that the weight of risk increase is small. Similarly, the weight of risk reduction at the environmental level accounts for the largest proportion. Therefore, in order to control the risk of the closed-loop supply chain of WEEE, it is necessary to focus on the recycling link.
TABLE 3 | Index weights of risks.
[image: Table 3]4 SIMULATION MODEL OF THE CLOSED-LOOP SUPPLY CHAIN RISK CONTROL FOR WASTE ELECTRICAL AND ELECTRONIC EQUIPMENT
4.1 Modeling
System Dynamics, developed by Jay Wright Forrester, is a method suitable for dealing with large-scale interactions and modeling complex dynamic systems (Hernandes Pinha and Sagawa, 2020). The system dynamics models are usually constructed and simulated by computer software. In this study, the model construction was implemented by Vensim PLE (a piece of software to construct models and simulations for System Dynamics). Based on the risk analysis results, we used system dynamics to construct a closed-loop supply-chain risk-control model for waste electrical and electronic equipment. The model was developed by accounting for the relevant social, environmental, economic, and other influencing factors and considering the main process of the WEEE closed-loop supply chain.
The causality diagram is shown in Figure 1. At the social level, increasing the cultural influence and acceptability of re-products can improve consumer awareness of recycling, encourage formal recycling, and reduce informal recycling. At the environmental level, the actual environmental damage is mainly caused by the dismantling process. The classification and recycling of disassembled materials are promoted in both formal and informal dismantling, but the efficiency is considerably higher in the formal process. The increase in consumer recycling awareness can encourage the reduction of arbitrary disposal and discard behavior. Finally, at the economic level, the faster the elimination of electronic products, the faster the risk increase, and the more active formal recycling and processing enterprises participate in the risk reduction.
[image: Figure 1]FIGURE 1 | Causality diagram.
Variables with different properties (e.g., level variable, rate variable, and auxiliary variable) and constants can be introduced through the causality analysis. In the stock-flow diagram presented in Figure 2, the social, environmental, and economic risks are the level variables, the increase or decrease of risks are the rate variables, and the green and low-carbon strategy and fund subsidy strategy are the control strategies.
[image: Figure 2]FIGURE 2 | Stock flow diagram.
4.2 Model hypothesis and parameter settings
4.2.1 Model hypothesis
Based on the risk analysis and model construction, the following hypotheses are proposed:
(1) The change in the risk system of the closed-loop supply chain of WEEE is caused by the interaction of various factors within the system, and other factors outside the system are not within the scope of the study.
(2) If there is a negative value of the risk, it means that the risk is within an acceptable range. Being no unit of risk, if there is a negative value in the change of the risk of the closed-loop supply chain of WEEE, it does not mean that there is no risk, so a negative value means that the risk is within an acceptable range.
4.2.2 Model expression setting and variable description
Vensim PLE software was also used for simulation in this study. The running cycle was set to 50 years, and the simulation step was set to 1 year. In quantifying the variables, the risk weights for the three levels were calculated using the catastrophe progression method. The relevant values of the per capita GDP were predicted by SPSS software. The initial data for the three variables (i.e., obsolescence rate of electronic products, acceptability of re-products, and consumer awareness of recycling) were obtained by questionnaire survey. Parameters on public health and environmental emergencies were obtained from the Health Commission of Guangdong Province and the China Statistical Yearbook. Other data were acquired from relevant reports from the Ministry of Ecology and Environment and the China Household Electric Appliance Research Institute.
The original data collected were processed between (0, 1); for those without specific values, the evaluation standard was defined: high −0.75, medium −0.5, and low −0.25. Some equations were adjusted in consideration of different influences of risk sources. Other indicators and dimensions were not processed here.
The main equation expressions are shown in Table 4. For variables such as the acceptability of re-products and the normal recovery rate, the maximum value is 1; for variables such as the informal recovery rate and informal disassembly rate, the minimum value is 0. For the expression of the enterprise recycling initiative, the enterprise recycling initiative is between (0, 1).
TABLE 4 | Expression and data source table.
[image: Table 4]4.3 Model test
Vensim PLE software was used to check and verify the feasibility of the model logic. For the sensitivity analysis, since cultural factors mainly affect risks at the social level, they are selected when evaluating the social risks without changing the other parameters. According to previous research (e.g., Mintz et al., 2019) on the cultural impact on waste recycling and waste minimization, the level of socio-cultural influence in environmental protection in China remains relatively low, so the initial value for cultural influence in the model was set to 0.25.
The sensitivity test results are shown in Figure 3. As shown in Figure 3, when the level of cultural influence changes uniformly, the social risks also change in a consistent trend. At the higher levels of cultural influence, the decrease in social risks became more pronounced. This suggests that the model has a high sensitivity to the variable intensity of cultural influence. The sensitivity test results were consistent with the findings of Mintz et al. (2019), highlighting the importance of incorporating cultural factors into waste management strategies. Improving the socio-cultural influence levels would have a significant impact on consumer awareness toward recycling and, to a certain extent, preference for remanufactured products, thus effectively reducing social risks.
[image: Figure 3]FIGURE 3 | Cultural influence level sensitivity test.
5 ANALYSIS OF SIMULATION RESULTS
5.1 Simulation of risk control strategy adopted or not
Without changing the other variable parameters, the influence of the risk control strategy on the closed-loop supply chain risk of WEEE was explored, and the results are shown in Figure 4. As shown in the figure, when neither the fund subsidy strategy nor the green and low-carbon strategy is adopted, the closed-loop supply chain risk of WEEE shows a downward trend; however, the change range becomes relatively small when both control strategies are adopted. This suggests that to a certain extent, fund subsidies and other policies related to electronic products can improve the closed-loop supply chain of electronic products.
[image: Figure 4]FIGURE 4 | Comparison of risk control strategies adopted or not.
5.2 Simulation of the risk control strategy combination
Leaving the other variable parameters unchanged, four risk control strategy combinations were simulated: completely risk-free, only green and low-carbon, only fund subsidy, and combined risk control strategies. The simulation results in Figure 5 show that among the four combinations, risk reduction is greatest when the combined risk control strategies are adopted. In addition, risk reduction is greater when adopting green and low-carbon strategies compared to the fund subsidy measure.
[image: Figure 5]FIGURE 5 | Comparison diagram of the risk control strategy combination.
The results suggest that green and low-carbon strategies and fund subsidies can promote risk mitigation, with the former having a greater degree of promotion. This may be because policies and regulations, when properly enacted, can significantly influence society and affect governance and management. For fund subsidies, while they can mitigate risks, their impact may be weaker, given that the fund review system is complex and often delayed and that the binding force for fund subsidies is often difficult to ensure.
5.3 Simulation of the risk control intensity
Leaving the other variable parameters unchanged, the intensities for fund subsidies and green and low-carbon strategies were doubled, and the effects of different risk control measures were analyzed. As shown by the results in Figure 6, when the fund subsidy intensity is high, the risk reduction is faster, and the degree of decline is also greater. However, when the intensity of green and low-carbon strategies is increased, the change in the downward trend in risk is minimal. This suggests that when increasing the intensity of green and low-carbon strategies can mitigate risks, its impact is comparatively low.
[image: Figure 6]FIGURE 6 | Comparison diagram of the risk control intensity.
6 DISCUSSIONS AND MANAGEMENT IMPLICATIONS
Based on the abovementioned findings, we propose the following management implications:
First, the recycling of WEEE is an important part of the closed-loop supply chain. In the recycling industry, enterprises should have a firm understanding of risk levels and put in place regulatory measures, such as product recovery prior to classification and corresponding rules for recycling. In addition, enterprises should strictly control the disassembly process, enact standards for the classification and recycling of dismantled materials, and conduct proper training for participants. Given that informal recycling is difficult to manage and accounts for a high proportion of the problem, enterprises should learn the best practices in recycling from developed countries and integrate them into their system.
Second, the fund subsidy strategy is an effective means to reduce WEEE risks in China. However, when implementing such a strategy, several problems and limitations may arise, such as insufficient subsidy intensity and long subsidy cycles. The standardization of fund subsidies should be further studied, analyzed, and improved.
Third, green and low-carbon strategies play a positive role in reducing WEEE risks. The government should formulate corresponding policies and regulations to improve enterprise operations and make them more standardized. The policy is conducive to market stability and can have direct and indirect effects on recycling. For example, the policy may affect consumer awareness, behavior, and enthusiasm for recycling, incentivizing the recycling of electronic and electrical waste and encouraging consumers to choose formal recycling channels.
Finally, although enhancing the intensity of risk control strategies can promote risk mitigation, the measures and strategies should be first evaluated in order to make them more effective. Our results show that even if control strategies are increased, there are times when the effect may not be significant, and implementing them would be unwarranted, given the associated costs. Therefore, determining the optimal intensity of the risk control strategy is very important.
7 CONCLUSION
In this study, we analyzed the relevant risk factors in recycling WEEE and used the catastrophe progression method to determine risk weights. We then constructed a system dynamics model for the simulation analysis and analyzed the impact of risk control strategies on mitigating recycling risks. The research conclusions are as follows:
(1) When both the fund subsidy and the green and low-carbon strategies are adopted, the closed-loop supply chain risk for WEEE declines faster and is more pronounced than if no control strategy is adopted. Reasonable and effective control strategies are conducive to risk reduction in the closed-loop supply chain of WEEE. Although many developed countries have achieved great results, in China, WEEE recycling needs to be significantly improved.
(2) Risk reduction is greatest when both the fund subsidy and the green and low-carbon strategies are adopted. When only one approach is adopted, implementing the green and low-carbon strategy was found to have a greater mitigation effect. The effect on risk control is better when all risk control strategies are adopted. But given the associated costs of implementing different strategies, balancing the economic and social benefits of recycling measures is very important.
(3) The greater the degree of risk control, the more pronounced the downward trend of the closed-loop supply chain risk of WEEE is. Promoting risk control has a positive effect on reducing the recycling risks of WEEE. But based on our model results, the effect of increasing the intensity of green and low-carbon strategies was found to be minimal. This means adjusting the intensity of fund subsidies is more effective in mitigating risks in WEEE recycling.
There were a few limitations to this study. Due to constraints in available data and subjectivity of the risk analysis, quantifying the value of the model parameters and determining the model equation are challenging and highly complex, which could have affected the model operation and objectivity of simulation results. Subsequent studies should consider using more comprehensive data sets, model parameters, equations, and approaches in evaluating risk analysis and WEEE recycling.
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