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Abstract

:

China is currently facing great challenges in preventing land from further contamination by industrial activity. We evaluated the current state of business activity supporting the prevention and control of soil pollution through good waste management practice to restrict further soil contamination. The study focused on understanding drivers to improve the development of business activity in both waste management and remediation sectors in China. The status of organizations which manage solid waste and industrial operations providing remediation, professional materials, equipment, and approaches to site management are highlighted. Using questionnaires and a limited number of follow-up interviews, we consulted with remediation practitioners (>100 respondents including construction contracting workers, consultancy, equipment suppliers, and government department employees) working across China. The results identified that the site risk assessment and the wider construction phases for site remediation are typically based on guidelines from government and/or local government. The most frequently used materials for solidification or stabilization during remediation were clay minerals. Local government funds financed most remediation activities. Waste recycling would be a path to further reduce pollution from site development and its application in remediation techniques is possible. In addition to remediation methods, a strategic framework can be employed to provide decision support when assessing sites or decision-making for remediation projects. The priorities for remediation highlight that two types of soil use (arable land and land for construction) should be prioritized for remediation. This evaluation of industry practice provides useful models for wider decision-making in site remediation.
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1. Introduction


In China, rapid economic growth, improvement of living standards, and overconsumption have deteriorated the quality of the environment since the implementation of the Reform and Opening policy in 1978 [1,2]. Through increased public awareness of environmental problems, much more effort has been made to decrease the impact of pollution. However, soil or land contamination is still poorly perceived by normal citizens as it is only highlighted when they have been directly affected by pollution or they are aware of soil quality tests. In addition, this creates difficulties for industrial development, even though the government has invested USD 164 billion in its treatment to date [3,4] and implemented better regulations, guidelines, and laws to guide remediation properly and prevent potential further contamination.



The impact of soil contamination started to draw public attention in 2004, when an incident took place at Songjiazhuang Subway Station in Beijing and three construction workers were poisoned [5]. Between 2013 and 2015, a total of 100 major soil remediation projects were undertaken (28, 40, and 32 each respective year), with farmland restoration only accounting for 10% of the projects [6,7]. The first soil contamination map was made available to the public in 2016 after public outcry over the discovery of soil contamination in the Changzhou School in 2015, which led to symptoms of eczema and skin inflammation for almost 500 students [8]. To manage the soil contamination at the source, 4500 key industrial enterprises and solid waste treatment and disposal units were identified as priority targets (including 3998 state-controlled pollution sources and 502 non-state-controlled pollution sources with environmental violations), as well as 729 key sector industrial parks, and these were registered on a soil pollution risk source distribution map by the institute of Public and Environmental Affairs of the PRC [8]. Soil pollution is a costly issue that may limit land redevelopment and hamper future construction [7] with potential long-term health risks to humans and wildlife. The excavation and direct disposal methods (‘dig and dump’) are widely used to quickly resolve complex contamination problems as they are low-cost and consist of simple steps but increase the overall cost of the treatment of soil contamination. Public awareness of sustainable environmental management has increasingly discouraged non-sustainable landfill disposal of polluted soil or other solid waste [9]. The regulations for landfill operation show a trend in the implementation of more stringent legislation on the disposal process. These factors promote or force the development of remedial technologies or solid waste treatment methods for sustainable resource recycling/conservation in land remediation and waste disposal [10,11,12,13,14].



As soil pollution has received wider public attention, the first national soil contamination survey was carried out by the Ministries of Environmental Protection and Land and Resources [15]. The results showed that 16% of investigated land (6.3 million km2, or two-thirds of China’s total land area) was polluted beyond limits of acceptable standards, with 19% of investigated arable land polluted to limits of standards, and 83% of the contaminated sites contained excessive concentrations of potentially toxic elements [15]. National technical guidelines have been implemented since 2014 [16,17,18,19] and subsequently updated in 2019 (see Section 3.1 below). More detailed standards and regulations have also been implemented to guide soil pollution treatment. Treatment in China has also been based on regulations or limit guidelines from the US and other countries, increasing the diversity of treatment technologies available [20].



The causes of contamination come from many human activities, such as hazardous solid waste (HSW) being inappropriately sent to landfill and additional potential pollution for soil and even groundwater from landfill leachates [21]. New techniques include the application of specialist materials such as carbon nanotubes, composites, and magnetic materials, for example, for mercury removal [22]. Advances in soil stabilization as a treatment strategy have also produced impressive results with improved engineering properties for treated materials [23]. Many recycled materials from developed countries have been brought to China to supply raw resources for industrial development; however, improper dismantling of WEEE, and unqualified or illegal smuggling of wastes has resulted in toxic contaminants causing direct and indirect soil pollution [24]. The implementation of the Waste Ban by China in July 2017 was designed to stop the import of recycled waste and to reduce the impact and potential environmental and health risk from handling solid waste [25]. Recycled solid waste had been used as an industrial raw material for decades and the cancellation of imports created a shortage of recycled materials, so the Chinese government made an effort to encourage local industrial and private personal waste collection and classification to boost the development of solid waste management systems [26,27]. However, many potential sources, such as waste tailings from mining, have not previously been evaluated and applied because of the potential risk of secondary contamination, especially in the application of wastes associated with metal mining [28].



Solid waste governance aims to balance customer benefits and social costs, efficiency, and fairness to curb failures of government, society, and the business market, promoting industrialization and industrial planning in the treatment of solid waste [29]. Solid waste management mainly refers to the supervision and management of solid waste treatment, such as governmental management of the solid waste treatment industry. It consists of methods or policies from the government to ensure the development of the solid waste treatment industry and their efficient working. To be specific, the process of solid waste management ensures solid waste treatment in a harmless, resource-reduced way [30]. Solid waste treatment includes the processes and techniques to reduce potential harm and provide efficient resource utilization, and reduces solid waste and identifies products and technology needed to cope with an increasing volume. More attention has been paid to specific sources of solid waste demanding direct management [31], material application, energy utilization, landfill disposal, and other processing work, as well as coordination of solid waste treatment processes [32,33].



While research on treating contaminants in air and water in China has been carried out for a few decades [34,35,36,37], research on polluted soil is poorly developed in comparison. The relationship between solid waste management and contaminated soil remediation is still more complicated as, for example, the improper treatment of metal mining tailings has led to contamination in soil, land, and sediment directly or indirectly through water flowing to rivers. Hazardous waste from dredged sediment from rivers is routinely landfilled, which also indirectly adds contaminants to the soil [38], as these sites are also used for solid waste management.



The specific activities in metal mining operations include waste generation and disposal and these are a major source of contamination in mining sites from primarily potentially toxic elements (PTEs). Management technologies used include capping to cut off the exposure pathways in soil remediation projects [39]. It is difficult to also consider the potential risk before the site investigation and post remediation if treatment does not include removal from the site. To manage all aspects of the soil remediation challenge, the “6w1h” ideology for consumer behaviour in innovation for problematic production processes can be applied. This includes the financial budget and considers the liability for the treatment of contaminated soil and groundwater [40].



Fast-paced development and large-scale applications related to soil remediation in contaminated sites pose several direct and indirect challenges for practitioners, regulators, and researchers [41]. Technological methods needed for soil remediation industries have been discussed for future application in China [39]. Practitioners in industries face all these unanticipated problems and need to be ready to solve them during the life cycle of remediation projects. However, little research has been carried out to understand the challenges or difficulties in target setting, capital guarantees, and marketing products for soil remediation industries that might impede the further development of environmental remediation industries in China.



We undertook an assessment of the status of industries in the soil remediation business and the potential for longer-term sustainable development for the industries that specialize in waste management in China. By using a questionnaire survey and interview of practitioners, we explored possible future business models for the design of regulations and related research methods to support the development of this industry sector. The objectives included: (a) To start the investigation of the relationship between remediation and waste management; (b) To analyze the solid waste management system in China with consideration of waste material classification: municipal solid waste (MSW) from cities and suburban areas, common industrial solid waste (CISW) from industries and processing, and HSW from contaminated sites and industries; (c) To confirm the current regulations for remediation aligned with waste management; (d) To develop a decision support model in soil/remediation with consideration related parameters in implementation of remediation projects.



This study investigated the behavior of practitioners in the Chinese soil remediation industry through a questionnaire and interviews. This was particularly important because of the specific localized characteristics against a background of a rapidly developing economy with a large growing human population, wide climatic and geographical variability, and complex regional characteristics. Limitations of the study arise from the decision-making process to select methods and human analysis paths during the progress of implementation. Although decisions are made after much consideration to select the most suitable method, these are also influenced by language and culture-specific communicative styles.




2. Materials and Methods


A process flow chart for the survey and methodology summary is provided in Figure 1.



The survey design and collection of data were approved by the Research Ethics Committee of the School of Engineering, Computing & Physical Sciences, University of the West of Scotland (approval #2019-9441-7769). The main stages included participant selection, recruitment, and carrying out a short pilot before releasing the main survey.



Candidate companies were identified from information collected from the website Qichacha.com and official website (available online at http://www.mohurd.gov.cn/ (accessed on 1 July 2022) [42]) in 2019 before the start of the COVID-19 pandemic. More than five thousand Chinese companies were identified in the soil remediation and waste treatment sector in the first review of the database. These were screened for compliance with permit/certification by the Chinese government to provide a pool of >300 organizations (see Figure 1 and Table 1). A pilot survey with a draft questionnaire was carried out with a group of three professionals and feedback was incorporated in the final questionnaire, designed following recognized guidelines [43,44].



The questionnaire survey was sent, via an online link with an invitation to various soil remediation specialist groups on the QQ/WeChat social media app, to a group that included practitioners who worked in different Chinese cities, to understand the relationship between soil remediation and waste management in China from their work experience. The survey targeted participants to include contractors, equipment providers, regulators, environmental consultants, contaminated site owners, and environmental groups, etc. Before the respondent started to complete the questionnaire, an introduction explained the objective of the survey, how data would be used and how the confidentiality of respondents would be guaranteed. All participants could withdraw from the study any time before submission. To encourage response, the participants were offered a future report and feedback from the survey.



Several studies have previously approached similar groups to explore the application of remediation technologies and decision-making in soil remediation-related practices [45,46,47]. However, we addressed the more immediate dynamic pressures on project delivery as directly identified by practitioners, rather than the outcomes of completed projects. The questionnaire was designed to address the following topics: (i) basic information about the respondents, work experience, location of remediation sites, and their company type; (ii) various service types offered by companies and frequency of deployment (including third-party testing services, remediation construction, specialist materials and equipment support); (iii) one example of stabilization and corresponding waste application potential; (iv) regulations applied in various phases of development; (v) factors considered in decision-making for remediation. These latter factors were quite diverse and included issues of funding sources, intellectual property, the review of proposals and the decision-making process, the factors important in the assessment of the success of remediation, commercial activities and competitiveness of businesses and market advantage, target setting, remediation efficiency testing, and ranking of importance of the various factors. Respondents were asked to rank factors in order and were provided with an opportunity to identify any missing issues. Results were assessed based on the proportion of responses. The sample population of all groups together consisted of all stakeholders involved in practical projects and/or decision-making. A total of 107 valid feedback responses were received including from researchers at university and/or research institutes and staff in different positions in a range of companies in the sector.



Participants in the questionnaire were given the opportunity of a follow-up interview in which a total of 13 respondents/companies provided detailed interview feedback.




3. Results and Discussion


3.1. Regulations Applied


Some regulations are specifically focused on the application or development of treated polluted agricultural land and land for construction, such as Soil Environmental Quality: Risk Control Standard for Soil Contamination of Development land (GB36600-2018) and Soil Environmental Quality: Risk Control Standard for Soil Contamination of Agricultural Land (GB15618-2018).



A big change from treatment to management is that attention is being paid to management of contaminated industrial or mining sites on the basis of Measures for the Soil Environment Management of Industrial and Mining Land (for Trial Implementation)’. Many regulations have begun to be implemented since 2014 [48], so more domestic regulations can be adopted by practitioners, and the corresponding regulatory system is more comprehensive. There are still some special pollutants in project construction and US laws and regulations could be used as references for specific values if none can be found in Chinese regulations. As shown in Figure 2, the technical guidelines for risk assessment of soil contamination of land for construction (HJ 25.3-2019) had the highest percentage of 35% application in the risk assessment phase among all relevant regulations. This emphasizes the importance of legal compliance in the risk assessment phase. Most contaminated sites have legacy pollution and are occupied by state companies. Consequently, treatment is the responsibility of the government.



Risk assessment plays a significant role in driving the remediation process [49,50,51], and the guidelines are predominantly used to evaluate methods for risk assessment of treatment projects [40]. However, more detailed options for each guideline are provided [52,53,54,55,56,57,58,59] and locally focused standards were highlighted by the survey respondents as being applied in the risk assessment phase only, or were used repeatedly across the entire project delivery. For all regulations, the “risk assessment phase only” had the lowest category of application and generic guidelines and local standards were both significant components of the decision-making process across project lifetimes.



A significant proportion of respondents (69–83%) highlighted listed guidelines or standards, with 35% of respondents choosing the Technical Guidelines for Risk Assessment of Soil Contamination of Land for Construction (HJ 25.3-2019) for the risk assessment phase only, as other guidelines address risk control. However, 41–64% of respondents used all regulations, laws, and standards repeatedly in the entire project decision-making period, including both the Law of the People’s Republic of China on Prevention and Control of Soil Contamination (LPRCPCSC) and the Soil Environmental Quality Risk Control Standard for Soil Contamination of Development Land (GB36600-2018) in the case of new problems or risk arising once the project had started. The second- and the third-biggest percentages of 62% and 61% related to use of Measures for the Soil Environment Management of Contaminated Land (MEP No. 42) and Notice of the State Council on Issuing the Action Plan for Soil Pollution Prevention and Control (SC issued (2016) 31), respectively.



The feedback described a trend in decision-making where prevention, management, and control of soil contamination were of the same or even more significance compared to clean-up of contaminants. Around 60% of respondents used the Technical Guidelines for Soil Remediation of Land for Construction (HJ 25.4-2019). This is a comprehensive description of the soil remediation process that involves decision-making to select remediation models, screening of remediation technology, and developing a remediation plan. The Terms of Risk Control and Remediation of Soil Contamination of Land for Construction (HJ 682-2019) were also used by 60% of respondents because they can be used for the definition of terms, checking, and translating related guidelines from other countries such as the USA or UK.



‘Zero waste cities’ are emerging from the current Chinese urbanization process and this aspiration is also mentioned as an innovative method to gain funding support to help prevent further soil contamination. The methods for control of soil remediation in the Measures for Funds Management of Soil Pollution Prevention and Control ((2021) Ministry of Finance of the People’s Republic of China No. 42) (available online: http://bj.mof.gov.cn/ztdd/czysjg/zcfg/202108/t20210802_3742309.htm (accessed on 1 July 2022)) were promulgated and became effective on 2 June 2021. These regulations mention the point ‘Carrying out the construction of ‘zero waste cities’ achieved practical results as a method to prevent and control contamination’ for the first time since the launch of government funding for the remediation of soil pollution in 2011. The process revealed that the final goal of soil remediation is waste control and sustainable management, and the overall reduction of environmental pollution.




3.2. Solid Waste Management


During the process of remediation and treatment of land contamination, contaminated soil would be classified as solid waste if it was disposed of or utilized in any of the following methods: (a) landfill; (b) incineration; (c) co-processing in cement kilns; (d) production of bricks, tiles, road construction materials, and other building materials. The contaminated soil used as soil after remediation is not managed as solid waste (Identification Standards for Solid Wastes General rules of PRC (GB34330-2017)). The polluted soil needs to be identified and evidence provided to show it meets or does not meet hazardous waste criteria after being identified as solid waste. If ex situ remediation is used and contaminated soil is transported, the approval process for transportation of polluted soil should be based on the Law of the People’s Republic of China on Prevention and Control of Soil Contamination 41, which demands: “If the remediation construction company transfers contaminated soil that is not hazardous waste, the company needs to formulate a transportation plan, and submit the report that consists of the transportation time, method, route and quantity of contaminated soil, destination of transportation, and final disposal measures to the ecological environment authorities of the site and corresponding receiving site in advance”. If the remediation construction company transports polluted soil that meets hazardous waste criteria, the company should obey the in Law of the People’s Republic of China on the Prevention and Control of Environmental Pollution by Solid Waste.



If the leaching test applied to any hazardous material, prepared in accordance with the method HJ/T 299 (Solid Waste-Extraction Procedure for Leaching Toxicity—Sulfuric Acid and Nitric Acid Method. Environmental Protection Industry Standard of PRC) exceeds the concentration limit value listed in the national standard Identification Standards for Hazardous Wastes—Identification for Extraction Toxicity (GB 5085.3-2007) in PRC, the solid waste is determined to be hazardous waste with leachate toxicity characteristics. The contaminated soil could be treated as inert solid waste if the concentration of pollutants in the leachate does not exceed limit value in the national standard.



As shown in Figure 3, the total MSW generation has been growing over the past four decades. To be specific, the annual amount of MSW generation in China has increased eightfold from >30 Mt in 1980 to >240 Mt in 2019. When considering the volume of waste treated to meet harmless criteria (which means the solid waste was disposed of by methods such as landfilling, incineration, and composting) for MSW, this increase was one hundredfold, from >2 Mt in 1980 to >240 Mt in 2019 [42]. There was an abrupt decrease of the total MSW generation in 2006 and thereafter followed by an increase again, which might be attributed to the new certification standard adopted for landfill amounts in domestic MSW treatment since 2006 [42]. The quantity of treated MSW (including sanitary landfill, incineration, and composting) started to increase in 1991 and grew quickly from 2007 to 2018, with gaps between the quantity of MSW generated and quantity of MSW treated (harmless) becoming smaller, which shows the increased amount of treatment taking place in the sector.



The waste ban in China started because of the illegal smuggling of hazardous waste [60], which increased the economic burden on the sector because of the increased need to remediate.



As shown in Figure 4, according to data from [61], the amount of CISW management generated in China was >3800 Mt in 2017. The generation of CISW in 2002 had increased by 66% compared with the amount in 1989 with continual growth [62]. As shown in Figure 4, the generation of CISW in 2009 had increased steadily by >100% compared with the amount in 2003. Then, there was a rapid increase of >18% in 2010 and a sharp growth of >30% in 2011 compared with data in the previous year. The generation of CISW was steady from 2011 to 2015, with a small drop of 5.46% in 2016 and a sudden increase of 25.08% in 2017 compared with the previous year. The reason for the huge growth of CISW in 2011 was the Promotion Plan for Promoting the Development of Recycled Non-Ferrous Metal Industry, which involves upgrading equipment related to the non-ferrous metal industry. Types of equipment that do not meet the regulatory requirements are being eliminated, improving the recycling system and reducing environmental pollution.



For the CISW management system, the ban on importation of secondary resources in 2017 was not introduced suddenly and it is one step of a policy to increase strict pollution prevention measures implemented since 1996 [60]. The production of HSW has increased slowly since 2000 to 2010, with huge growth in 2011 and a little drop in 2013 after a steady amount of 3400 Mt HSW generated in 2012, then a sharp increase from 2014 to 2017. The reason for the growth of HSW in 2011 was that the Twelfth Five-Year Plan for the Comprehensive Prevention and Control of Heavy Metal Pollution was formally approved by the State Council, which lists soil contaminated with potentially toxic elements as HSW, and this has led to increases in the amount of HSW recorded.



As shown in Figure 3, the disposal rate of MSW in mainland China has kept increasing from 53% in 2006 to more than 99% in 2019 (data for treated waste (harmless) is not comparable with data in past years because the new standard has been adopted in municipal waste landfill sites since 2006). The disposal methods include landfill, incineration, and composting. While, as shown in Figure 4, the disposal rate of CISW increased from 18% in 2003 to 28% in 2006, later the rate remaining was around 24% from 2007 to 2017. The disposal rate of HSW in mainland China was relatively stable at between 20% and 30% from 2011 to 2016. The results reveal that the disposal rate of CISW and HSW is still quite low compared to the disposal rate of MSW. The reason is that the treatment of CISW and HSW consists of their disposal, utilization, and discharge of solid waste in the year, with some left in storage (carried over) for next year [63]. The disposal of CISW and HSW is just a minor part of the treatment; utilization and discharge were not considered because of complicated calculation. ‘Disposal’ consists of the disposed part in the indicated year and disposal of CISW stored in previous years. The treatment of MSW was finished every year and there was no carry-over for the next year [63].




3.3. General Status of Remediation Industries in China


The 319 companies responding to this study were distributed in 28 Chinese cities and Provinces, with most of them located in areas with serious soil pollution levels, such as central China (Hunan Province, Hubei Province, and Sichuan Province), Northeast China (Liaoning Province), and economically developed areas (with higher consumption behavior and higher solid waste generation compared to other areas in China) including the east coast (Jiangsu Province, Zhejiang Province, and Fujian Province) and southern China (Guangdong Province). Among these companies, 138 companies (43%), focused on the business of both solid waste treatment and soil/land remediation. As shown in Table 1, for companies that either dealt with business of solid waste treatment or business of soil/land remediation, the highest number of companies was 58 in Hunan Province, followed by Jiangsu (41), Guangdong (32), Sichuan (24), Beijing (18), Hubei (17), and Liaoning (12), with a total of 202 companies accounting for more than 60% of the total number in this study.



Among them, 100 companies focused on solid waste treatment and 81 companies only focused on soil/land remediation. As shown in Table 1, for the solid waste treatment, the highest number of waste treatment companies was 52 in Hunan Province, followed by Jiangsu (29), Guangdong (22), Sichuan (20), Beijing (14), Hubei (12), Fujian (9), and Hebei (9). For the soil remediation, the highest number of soil remediation companies was 51 in Hunan Province, followed by Jiangsu (31), Guangdong (22), Hubei (13), Sichuan (11), Liaoning (10), Beijing (8), and Zhejiang (8). For all locations, East China had the highest frequency of companies (47), followed by Central China (24) and South China (22). East China is much more developed than Central and Southwest China. The citizens are relatively wealthy and business growth is higher and significant soil pollution from past development activity is present. The distribution of remediation projects mainly focused on economically developing zones and regions with the highest levels of contamination.



Soil remediation is regarded as a step that government cannot ignore [64] and it is beneficial for environmental quality and the daily lives of all stakeholders; however, it is a great financial burden, as seen in other regions of the world [65]. The impact on costs for the government and land developers may indirectly bring secondary pollution to the surrounding environment and citizens through incomplete treatment processes [66]. Although it brings potential opportunities for business growth [67], it does not create tangible products and associated services, such as site investigation, risk assessment, etc., need to be more cost effective, which might impede the sustainable development of soil remediation industries. This is found to generate excessive price competition and verification processes are much more sensitive to costs and even fraudulent reporting. This makes the verification of remediation more complicated and results in less reliable closure of contamination treatment. All these things mean that remediation status in the market might be confusing and more regulations focused on prevention of over remediation and consideration that it is unnecessary because of high costs.



Basic information on the age, gender, education, and work experience of respondents are shown in Table 2. More than 90% of respondents were younger than 45 years and the age distribution shows that most respondents were 26–35 years or early career professionals. This may be due to the sector being established when pollution became a ‘hot topic’ after the introduction of soil regulations of the Action Plan for Prevention and Control of Soil Pollution [37,68] and interest from professionals working in construction and environmental risk assessment. The gender distribution reveals that the proportion of males is four times that of females in the soil remediation industry, which is similar to that in the general civil engineering sector, traditionally involving multiple site work and physical work activity. More than 89% of people had less than 7 years’ work experience with more than 99% having at least a Bachelor’s or 3 year college degree. This emerging remediation industry has a young and well-educated workforce with huge potential. Education distribution reveals those with a higher education background are more focused on environmental science, environmental engineering, etc., rather than traditional engineering subjects, such as civil or process engineering.



Technical service companies, private enterprises, and state-owned businesses ranked the first, second, and third among various types of enterprises, with percentages of 45%, 24%, and 12%, respectively. The percentages of various types of enterprises shows most jobs focused on providing technical service in China, while in consultancies, planning consultancy was the most common service provided, with a percentage of 37%. Third-party testing, construction, and contracting services had similar percentages of 19%, 18%, and 16% among various services provided. The most common service was consultancy and planning consultancy carried out by technical service companies, private enterprises, and state-owned businesses. The percentages of various types of service provided by companies shows that work experience was a significant factor, as a lot of work needs to be carried out in the risk assessment phase before construction.




3.4. Professional Materials, Equipment, and Approaches


When attributing sources of funding for remediation, local government funds were highlighted by 67% of practitioners, with national special-purpose funds and businesses that were responsible for pollution (58% and 60%, respectively) being identified as being responsible for funding remediation activities. Only 40% and 13% highlighted land developers and third-party sponsors, respectively. Most contaminated sites are occupied by the state because of historical industrial development, with often unregulated activities. The old industries closed or moved out of the city center, leaving many contaminated sites that need to be remediated for use for residential construction or other public buildings. Land developers funded the remediation, which occurs much more frequently in developed cities rather than in small undeveloped cities as residential buildings are more popular in bigger cities because of the large population and better awareness and education in developed areas.



The application of remediation technologies in companies surveyed includes a range of bespoke and specialist tools. When assessing the role of intellectual property rights (IPR) in companies, patents on processes/tools were the most significant, with 40% of respondents identifying these. Other IPR protection included trade secrets (18%), copyrights and trademarks, both at 13%, which means that combining research and development with marketing for business development is a strong driver (the patent number could be shown on promotional materials, while trade secrets are an opaque long-term control on technology). Although trade secrets also imply competitive advantage, a company applying for a patent could see a fee reduction from the State Intellectual Property Office, as well as being more transparent in identifying the approach being used.



Typical steps for site investigation play a key role in remediation and the results show that solidification/stabilization, landfill, and chemical oxidation/reduction technology are more popular than phytoremediation, bioremediation, and plant–microbial remediation. The more rapid physical/chemical treatment as opposed to more long-term slow biotechnology is not as popular with industries in China. Absorbents are the most popular approach for professional materials provided by industries, and drilling and piling equipment is one of the more popular types of equipment applied in site development.




3.5. Decision-Making Model


Decision-making in soil remediation projects was determined by remediation target value (76%), the nature of land use (for purposes of growing crops or building or fishing, 69%), expert judgement (65%), specific rules and regulations (50%), government conditions (45%), and enterprise investment (29%).



Existing construction methods and appropriate technology were highlighted as the most commonly highlighted factors affecting the competitive advantage of the company in the soil remediation sector. New product/equipment development ranked as the second for ‘strongly agreed’ with both service/product price changes and market position third. Existing construction means and technology, and service/product price changes ranked first and second in the ‘agreed’ group. The most important considerations for setting remedial targets included future land use, the availability of national and industrial standards, and specific government conditions, respectively. Government planning and capital budgeting ranked along with technical means and payback period as the highest priorities in the survey’s ‘agreed’ group for target setting in remediation.



For verification of the success of remediation, the most important factors considered were the data on the frequency of testing, checkup, and acceptance (validation data), project delivery and completion, and the wider socioeconomic benefits from remediation. All four factors were highlighted by more than 83% of respondents to verify success of remediation programs. As shown in Figure 5, factors important in commercial decision-making for soil remediation were remediation target value > capital guarantee > existing technology and means.



In addition to the main driving factors and historical development of the site, importance was also given to wider public opinion, corporate environmental awareness, and experience/company track record (past performance of similar projects). Additional drivers included the past and future land use scenarios in commercial decisions.



Remediation of agricultural soil is a long-term project that is normally based at national and local government level to ensure food safety over the long-term. It is typically a large-scale, regional activity and often includes a combination of agents and agricultural production. One example highlighted in the consultation was to consider crop use. In planting corn in less contaminated shallow layers of soil, food safety was preserved, but changing to planting sorghum introduced a higher-risk land use due to deeper rooting and exposure to more contaminated soil. If the contaminated site was used for construction after remediation, the project was smaller scale with a much shorter project construction period compared to remediation of agricultural land. The approaches to agricultural land included treatment along with appropriate crop production, working at a larger scale and over a longer project remediation cycle. In terms of the capital guarantee, the risk of the budget was generally assessed in the feasibility research phase of the project. The choice of methods applied for the treatment could be decided with the consideration of the budget.




3.6. Case Study—Application of Sepiolite Tailings for Remediation


Modified and activated sepiolite materials are commonly applied as soil conditioners, pesticide carriers, or soil amendments [69]. Hunan Province has extensive contamination from potentially toxic elements caused by excessive base metal mining and industrial production activity [70], and produces a range of sepiolite mineral products which has resulted in a wide range of associated by-product materials [69]. The opportunity for their utilization was explored in part of the questionnaire, highlighting the potential of sepiolite for soil stabilization and later vegetable growth.



The questionnaire results show 48% of respondents had experience with soil stabilization or solidification, and of this >13% was specifically using sepiolite-derived materials. Here, 57% used sepiolite composite/modified products, with 26% and 17% of respondents using raw sepiolite mining and processing by-products, respectively. Among all materials applied in solidification, 35% of respondents and 20% of respondents used clay minerals and other minerals, respectively. The use of chemical treatment-based remediation (29% of respondents) compared to biological (11% of respondents) suggests the former application may be a better choice due to the speed of treatment and relative ease of validation.




3.7. Commercial Model


Interview results revealed that >45% of interviewees were in companies involved in both remediation and solid waste treatment. Discussion included the potential for soil treatment and solid waste disposal for most hazardous materials. Challenges of post-remediation testing were highlighted and the source of long-term funding for monitoring. The potential for cross-subsidy from MSW handling fees and costs of remediation was considered as unsustainable due to the high volume of soil needing to be remediated. Other opportunities include the potential of energy generation from waste. However, the commercial model for waste handling in China is still at a very early stage of development.





4. Conclusions and Recommendations


This study captured the general status of remediation industries in China with data collection and analysis by questionnaire and follow-up interview. It also highlighted the current professional materials, equipment, and approaches applied in remediation, and discussed the regulations referenced in only the risk assessment phase and the whole phase of the project construction phase. The impact of factors in decision-making concerning remediation was also included in consideration of successful implementation of projects. The details from remediation practitioners that described the lack of understanding of risks of contamination to ecology, and long-term monitoring of remediation, cannot be ignored. The integrated investigation of the remediation industries’ status in China has relevance for the future development of solid waste treatment in China.



The level of awareness of total number various contaminated sites, their contaminants—such as metals, organic compounds, and combined pollution of both contaminants—is weak. The status of remediation industries shows an emerging young professional group with a high level of technological skill. Commercial performance is affected directly by the regulatory conditions. Although ambitious business development opportunities are being addressed, future trends in the transition from remediation to prevention and control of polluted sites and waste management in a sustainable way are reflected by the new governmental funding measure introduced in 2021.



Current site remediation mainly focuses on construction projects, then site investigation and risk assessment. There is a lack of post-cleanup monitoring, especially long-term monitoring on efficiency after a remediation project is completed, such as long-term monitoring of potentially toxic elements’ solidification and stabilization in remediation projects in mainland China. Another weakness is the shortage of fundamental research about the effect of contaminants on animal and human health, and the biosphere around the polluted sites. More consideration for site remediation was revealed as a principle of green and sustainable remediation [71]. Since commercial construction, residential construction, and increasing arable land are major reasons for redevelopment for treated sites, risk to human health may be affected if the remediation targets are not met. Further details on the collaboration between government departments are needed. In particular, more information is needed on the associated policy-making related to post-project monitoring and assessment of potential environmental effects of contaminants before carrying out remediation.



Risk-based land management is becoming more widespread with many problems of remediation and its relationship to waste treatment still needing to be addressed. In terms of overall remediation, capital guarantees and application of proven techniques are the keys to project decision-making. Policies or regulations have become much more comprehensive in terms of contaminant limits. Most guidelines demonstrate the process of risk assessment and provide step-by-step details for applications. The most important initial task is to investigate potential synergies of remediation and waste management, and to identify any related measures; for example, to produce nested industrial ecosystems. By locating similar industries close together or in an industrial park to deal common potential waste or pollution sources promotes the development of zero waste cities to reduce the possibility of increasing the amount of contamination or the number of polluted sites.
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Figure 1. A summary of the methodology framework for data collection in this study. 
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Figure 2. Frequency of use (%) for each relevant regulation/standard for different phases of remediation projects. 
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Figure 3. Amount of municipal solid waste collected, transported, and rendered harmless (treated) of PRC in 1980–2020 (all annual data are collected from the National Bureau of Statistics of PRC, available online: http://www.stats.gov.cn/tjsj./ndsj/ (accessed on 1 July 2022)). 
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Figure 4. Amount of industrial solid waste generated and disposed of in PRC in 2003–2020 and disposal rates (all annual data were collected from the National Bureau of Statistics of PRC, available online: http://www.stats.gov.cn/tjsj./ndsj/ (accessed on 1 July 2022)). 
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Figure 5. Importance of specific project factors in commercial decision-making for site remediation projects. 
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Table 1. Companies that deal with solid waste treatment and/or soil remediation in China.
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Areas of China

	
Provinces or Cities 1

	
Either 2

	
SWT Only

	
S/LR Only

	
Both 3






	
North China

	
Beijing

	
18

	
14

	
8

	
4




	
Tianjin

	
6

	
3

	
5

	
2




	
Hebei Province

	
10

	
9

	
5

	
4




	
Shanxi Province

	
10

	
7

	
5

	
2




	
Inner Mongolia

	
1

	
1

	
0

	
0




	
Southwest China

	
Sichuan Province

	
24

	
20

	
11

	
7




	
Yunnan Province

	
7

	
5

	
4

	
2




	
Chongqing

	
7

	
4

	
5

	
2




	
Tibet

	
1

	
1

	
1

	
1




	
Guizhou Province

	
2

	
2

	
1

	
1




	
Central China

	
Hunan Province

	
58

	
52

	
51

	
45




	
Hubei Province

	
17

	
12

	
13

	
8




	
Henan Province

	
10

	
6

	
6

	
2




	
Anhui Province

	
6

	
4

	
5

	
3




	
Jiangxi Province

	
5

	
3

	
3

	
1




	
Northeast China

	
Heilongjiang Province

	
2

	
2

	
1

	
1




	
Liaoning Province

	
12

	
7

	
10

	
5




	
Jilin Province

	
1

	
0

	
1

	
0




	
East coast China

	
Shandong Province

	
8

	
6

	
5

	
3




	
Shanghai

	
7

	
2

	
6

	
1




	
Fujian Province

	
10

	
9

	
5

	
4




	
Jiangsu Province

	
41

	
29

	
31

	
19




	
Zhejiang Province

	
10

	
7

	
8

	
5




	
Northwest China

	
Shaanxi Province

	
7

	
6

	
2

	
1




	
Xinjiang Province

	
2

	
2

	
2

	
2




	
Gansu Province

	
1

	
0

	
1

	
0




	
Southeast China

	
Guangdong Province

	
32

	
22

	
22

	
12




	
Guangxi Province

	
4

	
3

	
2

	
1




	
Total

	
28

	
319

	
238

	
219

	
138








1 Only provinces or cities with data are listed in the table. Note: SWT refers to companies that deal with solid waste treatment; S/LR refers to companies that deal with soil/land remediation; 2 either refers to companies that either deal with solid waste treatment or soil/land remediation; 3 both refers to companies that deal with both solid waste treatment and soil/land remediation.
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Table 2. Statistics for (unordered) categorical variables on basis of the data from responses from 107 participants in online survey of remediation sector.
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Independent Variable

	

	
Distribution (%)






	
Age

	
16–25 years

	
10 (9.35)




	
26–35 years

	
77 (71.96)




	
36–45 years

	
10 (9.35)




	
46–55 years

	
4 (3.74)




	
56–65 years

	
6 (5.61)




	
66 years and above

	
0 (0)




	
Gender

	
Male

	
86 (80.37)




	
Female

	
19 (17.76)




	
Other

	
2 (1.87)




	
Education

	
High school graduate or technical school

	
0 (0)




	
Bachelor’s or 3-year college degree

	
47 (43.93)




	
Doctor’s degree

	
48 (44.86)




	
Master’s degree

	
11 (10.28)




	
Other

	
1 (0.93)




	
Working years

	
3 years

	
60 (56.07)




	
4–6 years

	
36 (33.64)




	
7–9 years

	
6 (5.61)




	
10–12 years

	
4 (3.74)




	
13 years

	
1 (0.93)
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