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The clean heating compound transformation under the Carbon Neutrality Goal is necessary for the high-quality development of the heating industry in China. Based on the literature analysis, questionnaires and semi-structured interviews, this paper identifies 15 driving factors affecting the transition at three levels: technology, organization and environment. This paper introduces Fuzzy Set Theory into Decision-Making Trial and Evaluation Laboratory method, and combined with explanatory structural models to form a combined Fuzzy-DEMATEL-ISM approach. Using the Fuzzy-DEMATEL-ISM method to analyze the degree of influence, hierarchical relationships and logical associations among the influencing factors to reveal the influence mechanism of the compound transition of clean heating. The results show that 1) the key influencing factors for the transition are energy use and delivery methods, heating system operation and maintenance management, and clean heating costs and expenses. 2) There are eight causal factors and seven consequential factors in the clean heating compound transition influence factor system. 3) The recursive structure model of influencing factors is divided into five levels from bottom to top: root level, deep level, middle level, shallow level and surface level, among which environmental and clean heating policies, clean heating technology innovation level and resource endowment status are the basic guarantees of transformation. It provides a theoretical supplement and practical guidance for the compound transition to clean heating under the carbon neutrality goal.
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1 INTRODUCTION
To address global warming and promote high-quality economic and social development, China’s 14th Five-Year Plan and the outline of its 2035 vision clearly propose to “develop a carbon emission peaking action plan by 2030” and “anchor efforts to achieve carbon neutrality by 2060”. China’s heating industry faces a daunting task in achieving the goal of carbon peaking and carbon neutrality. On the one hand, haze disasters occur frequently during winter heating in the North, and most of the incremental air pollutants come from winter coal-fired heating (Lin et al., 2020) On the other hand, the demand for heating in the Southern China is also exploding, leading to a further increase in carbon emissions from the heating industry (Han et al., 2021). Growing carbon emissions and energy consumption are preventing China from reaching its 2030 carbon peak and 2060 carbon neutrality goal (Li et al., 2022). In this context, balancing the relationship between heating and air pollution and achieving coal-fired replacement and clean heating is not only a practical problem that needs to be solved in the current heating industry but also an important part of China’s goal to achieve carbon neutrality.
Clean heating refers to the use of natural gas, electricity, geothermal, biomass, solar energy, industrial waste heat, cleaned-up coal combustion, nuclear energy, and other cleaned-up energy sources to achieve low-emission and low-energy consumption heating through efficient energy-use systems, including the whole process of heating with the goal of reducing pollutant emissions and energy consumption. Currently, common forms of heating include clean coal-fired heating, natural gas heating, clean coal-fired heating, and another single. Single-energy model heating systems can neither meet diverse heating needs nor effectively improve heating energy efficiency levels. Wang et al. (2022) found that a multi-source composite heating model with multiple energy sources applied to the heating system can significantly improve heating energy efficiency China is vigorously promoting combined heat and power central heating under the carbon neutrality goal (Liu et al., 2021). The development trend of centralized heating at home and abroad is generally: from coal-fired steam heating to a compound heating system consisting of elements such as large-scale heat storage technology and clean energy for combined heat and power supply (Lake et al., 2017).
In this context, the heating industry is facing the resource endowment condition of “rich in coal and less in gas”, prompting the heating industry to continuously explore how the clean compound model can be combined with China’s heating reality, explore the clean heating compound development model to adapt to the local resource endowment condition, and make the clean heating compound transformation toward the goal of carbon neutrality. Therefore, this paper focuses on the composite transition of clean heating to conduct research in line with the current situation of heating transition and has important practical significance. However, in the process of advocating and gradually implementing the composite model of clean heating, the academic community has not yet clarified the factors affecting the composite transition of clean heating and the correlation between the factors, which will significantly hinder the process of achieving low-carbon transition of clean heating in China. In summary, based on literature analysis, questionnaire survey, and semi-structured interviews, this paper explores the influencing factors of the compound transition of clean heating, and uses the Fuzzy-DEMATEL-ISM combination method to derive the key influencing factors of the transition, the causal relationships among the influencing factors and the recursive structural model reflecting the hierarchical relationships of the influencing factors, and then proposes management inspirations to adapt to the current situation and sustainable development goals of the low-carbon transition of China’s heating industry.
The remainder of this paper is structured as follows. In the Section Literature review, this paper summarizes the research status at home and abroad and finds out research gaps, providing a theoretical basis for this paper. Section Materials and methods introduces the Fuzzy DEMATEL-ISM method and data collection. Section Results and discussion summarizes the influencing factors of the clean heating compound transformation, and empirically analyzed the correlation between the influencing factors. Finally, in the Section Inclusion and enlightenment, this paper summarizes the work and puts forward suggestions accordingly.
2 LITERATURE REVIEW
The compound transformation of clean heating is the combination, integration, and crossover of various clean energy sources with efficient CHP centralized heating and other methods, and thus the transformation and upgrading of heating modes (Lund et al., 2018).
At present, scholars at home and abroad mainly carry out research on the compound transition of clean heating in three main compound ways, such as energy sources, facilities and equipment, and heat source delivery modes. 1) Studies on the clean heating mode with the compound of multiple energy sources. Guo et al. (2021) studied a multi-energy heating system combining solar, natural gas, and air energy, which can reduce economic costs and carbon emissions compared to conventional systems. Ancona et al. (2021), Wang et al. (2021) and Jiang et al. (2022) concluded that the compound heating mode using different kinds of clean energy can improve energy efficiency and effectively reduce air pollution. 2) Research on clean heating models compounded by different equipment and facilities. Dincer and Acar (2015) are based on the energy multi output integrated system composed of a variety of equipment and facilities, which can effectively reduce the overall energy demand. Yao et al. (2020) discussed the current situation of clean heating technology in Northern China and suggested that the construction of heating system hardware facilities and software facilities is crucial to the improvement of the energy efficiency level of buildings. 3) Research on the heating compound mode of decentralized, centralized and distributed heat source transmission. Wirtz et al. (2020), Lund et al. (2018), and Ye et al. (2021) argue that suitable clean heating models should be selected based on the characteristics of different heat source delivery modes.
In summary, many scholars at home and abroad have made multi-faceted and in-depth research on the energy-saving and emission-reduction effects of the compound transition of clean heating from the main compound approaches, and their fruitful results are important inspirations for further exploring the impact paths of the compound transition under the carbon neutrality goal. However, research on the compound transition to clean heating currently suffers from the following deficiencies. 1) Existing studies mostly explore the compound model of clean heating and the benefits generated from a single dimension, and it is difficult to reflect the comprehensive influence of different dimensional factors on the compound transformation of clean heating, and the external drivers of transformation need to be further enriched and improved. 2) The importance of each driver of the compound transition of clean heating needs to be further explored, and the main driving paths of the compound transition of clean heating under the carbon neutrality goal need to be further explored. Therefore, this paper uses literature analysis, questionnaires, and semi-structured interviews to try to explore the factors influencing the compound transition to clean heating. Therefore, this paper uses literature analysis, questionnaires, and semi-structured interviews to try to explore the influencing factors of the compound transformation of clean heating, and combine the Fuzzy-DEMATEL-ISM combination method to study the logical association, degree of influence, and hierarchical relationship between each influencing factor, to provide theoretical support and practical guidance for the green transformation of China’s heating industry.
3 MATERIALS AND METHODS
3.1 Fuzzy DEMATEL-ISM method
Decision-Making Trial and Evaluation Laboratory (DEMATEL) is a system analysis method that seeks causal relationships among factors in complex systems (Shieh et al., 2010). In this paper, Fuzzy Set Theory (FST) is combined with the DEMATEL method by adding the concepts of fuzzy set theory and triangular fuzzy number ahus avoiding the problem of excessive subjectivity in expert scoring. To deeply explore the correlations among the factors influencing the compound transformation of clean heating, this paper further introduces Interpretive Structural Modeling (ISM), which decomposes the complex system into a multi-level recursive structural form by identifying the inter-influence relationships among the system factors, thus facilitating the excavation of the internal structure of the system (Raut et al., 2017). In this paper, the improved fuzzy-DEMATEL method is combined with the ISM method, and the combined Fuzzy-DEMATEL-ISM method is formed to analyze the complex relationships among the factors influencing the clean heating compound transition. The specific implementation steps are as follows (Shakeri and Khalilzadeh, 2020).




TABLE 1 | Triangular fuzzy number conversion table.
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3.2 Data collection
To ensure the reliability and validity of the research results, this paper uses diversified sources of qualitative data analysis, which include primary data from semi-structured interviews, questionnaires, and on-site observations as the main channels, and combines secondary data such as authoritative journals and news reports to meet the data source requirements for data triangulation verification (Walker and Myrick, 2006). Main acquisition channels.
1) First-hand data. The researchers explored the realization of clean heating, the impediments and needs of the compound transition of clean heating, and the influencing factors and their associations of the compound transition of clean heating under the carbon neutrality goal for different stakeholders of clean heating, and conducted semi-structured interviews around these issues, and later conducted telephone interviews with some of the interviewees to supplement and validate the theoretical framework until the theoretical saturation was achieved. A questionnaire survey was conducted on 20 industry experts whose research questions were related to clean heating. The 20 experts included five middle and senior managers and five grassroots technicians from Beijing Thermal Group Co. and Shenergy Group Co. Also included were five related researchers and five staff members of heating authorities.
2) Second-hand data. This paper searched the literature with the keywords “carbon neutral”, “clean heating”, “clean heating mode”, etc. on the academic platforms such as Knowledge Network and Web of Science, and logged on the official websites of heating enterprises to find news reports about clean heating in the past 5 years. The paper also searched the official websites of heating enterprises for news reports on clean heating in the past 5 years, and used various channels to supplement the research data to further enhance the accuracy of the research data.
4 RESULTS AND DISCUSSION
4.1 Factors analysis
This paper uses the literature analysis method to initially extract the influencing factors of the compound transition of clean heating and obtain the core research examples on the influencing factors of the compound transition of clean heating under the carbon neutrality goal. The core research examples on the influencing factors of the compound transition of clean heating are shown in Table 2.
TABLE 2 | Examples of core studies.
[image: Table 2]The influencing factors in Table 2 are categorized into three types of factors: technical level, organizational level, and environmental level. The influencing factors at the technical level mainly affect the clean heating compound transition through technology utilization, including energy delivery and utilization, equipment and facilities renewal, etc., Influencing factors at the organizational level mainly have an impact on the heating transformation goals through the inter-organizational heating subjects cooperating with each other, including the evaluation and assessment system, clean heating costs and expenses, etc., Environmental-level influencing factors mainly rely on the environmental basis to influence the clean heating compound transition, including resource endowment status, air quality and atmospheric conditions, etc.,
In this paper, 20 experts were invited to finalize the influence factors by semi-structured interviews and questionnaires, and a questionnaire was set for the preliminary extracted influence factors. The options were set according to the degree of influence of clean heating transition, with 1 point for “almost no influence”, 2 points for “little influence”, 3 points for “medium influence”, 4 points for “great influence, and “very large impact” scored 5 points. Open-ended questions were set at the end of the questionnaire to allow experts to adjust and evaluate the influencing factors.
After the survey, the full score, mean value and dispersion coefficient of each influence factor were calculated and the results were selected. Only when any one of the two scores, full rate and mean score, is higher than the threshold and the dispersion coefficient score is lower than the threshold, can the influencing factors of clean heating transition be selected. Lower dispersion coefficients indicate that the experts’ scores are closer and indicate that the means are more representative. In this paper, the influence factors were selected according to the principle of “mean value not less than 3”. From the results of the experts’ scores, the average value of experts’ scores for each factor is greater than 3.7, which indicates that the average score of experts is close to the “strong influence” set by the questionnaire; the dispersion coefficient of each influence factor is less than 0.3, which indicates that the average value is representative. The scores of relevant indexes for the influencing factors of clean heating compound transition are shown in Table 3.
TABLE 3 | Scores of indicators related to influencing factors.
[image: Table 3]The perfect score, mean and dispersion coefficients of the 15 factors initially screened met the requirements and could be included as valid factors. This paper provides further refinement of the influencing factors based on textual information from the semi-structured interviews, and open-ended questions at the end of the questionnaire, and further refinement of the influencing factors: the “international joint governance” is adjusted to “experience of clean heating abroad”. The final 15 influencing factors established are uniformly represented by a capital F plus a number, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Influencing factors of clean heating compound transformation.
4.2 Causality and hierarchy analysis
According to the 15 influencing factors of the compound transition of clean heating under the carbon neutral goal, the internal relationship between the influencing factors is determined with the help of the expert interview method, and the expert scoring data are transformed into triangular fuzzy numbers. The direct influence matrix [image: image] is obtained by defuzzification according to Step 3, and the standardized direct influence matrix [image: image] is obtained according to Eq. 7 in Step 4 (the direct influence matrix and the standardized direct influence matrix have been omitted due to space limitation). The integrated influence matrix [image: image] is also obtained based on Eq. 8, as shown in Table 4.
TABLE 4 | Integrated influence matrix.
[image: Table 4]In order to conduct an in-depth analysis of the integrated influence matrix, the influence degree, influenced degree, centrality degree and cause degree were calculated based on Step 5, as shown in Table 5. And the causality diagram is made according to the cause degree and centrality degree, as shown in Figure 2.
1) From the degree of influence in Table 5, energy delivery and utilization (F1), clean heating technology innovation (F2), and environmental and clean heating policies (F13) have the highest degree of influence. It shows that these three influencing factors have the largest combined influence value on all other influencing factors and can link other factors together to promote the compound transition to clean heating. Therefore, the results show that in order to achieve the goal of compound transformation of clean heating, it is necessary to improve the related policies of clean heating and ensure the implementation of policies, strengthen technological innovation in energy utilization, and apply cutting-edge technologies to the energy field.
2) From the centrality of the horizontal axis of Figure 2, the centrality of the factors of energy delivery and utilization (F1), heating system operation and maintenance management (F3), and clean heating costs and expenses (F10) are larger.
TABLE 5 | Analytical indicators of the integrated influence matrix.
[image: Table 5][image: Figure 2]FIGURE 2 | Cause-and-effect diagram.
It shows that the way of F1, F3 and F10 are the key influencing factors of the clean heating compound transition influence factor system, and should be given focused attention in the process of exploring the impact path of clean heating. The centrality of experience of clean heating abroad (F11), resource endowment status (F14), and heating subsidy funds (F5) is relatively low among all influencing factors, and the attention can be reduced appropriately in the process of exploring the influence path of clean heating transition. 3) In terms of the degree of cause on the vertical axis of Figure 2, there are 8 causal factors and 7 resulting factors among the overall 15 influencing factors. A positive value of the causality degree indicates that the factor is a causal factor and has a strong influence on other factors, and a negative value of the causality degree indicates that the factor is the resulting factor and is strongly influenced by other factors. This paper further constructs an explanatory structural model (ISM) of the compound transition of clean heating to explore the influence mechanism between the causal and resulting factors, and reveals the influence transmission path of key influencing factors on the compound transition of clean heating. According to Eqs 12–15 and the principle of hierarchical division, the recursive structural model of the influencing factors of the carbon neutral goal clean heating compound transition is obtained with the help of Matlab 2018a software, as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Recursive structural model of influencing factors.
The influencing factors of the compound transition to clean heating under the carbon neutrality goal can be divided into five tiers, and this paper divides the influencing factors in a bottom-up order. The influences from the fifth to the first level are the root level influences, the deep level influences, the middle level influences, the shallow level influences, and the surface level influences. Environmental and clean heating policies (F13), clean heating technology innovation (F2) and resource endowment status (F14) are located in the fifth level, which is the most far-reaching factor and most likely to influence other factors in the compound clean heating transition. Energy saving goals (F8), economic benefits (F8), and environmental benefits (F9) are located in the first (surface) level and second (shallow) level and are the most directly influential factors in the transition to a clean heating complex. Influencing factors in surface level and shallow level can be measured by evaluating indicators to measure the trend of change, thus enabling the study of the implementation of the compound transition to clean heating. The factors in the third and fourth levels are middle levels with 9 influencing factors. The factors in the middle level have a dependent effect on the factors in the root level and a facilitating effect on the factors in the surface and shallow levels, so the factors in the root level can regulate the factors in the middle levels and at the same time can transfer the influencing effect to the shallow and surface factors. In addition to the bottom-up hierarchical relationship, the two influencing factors of F3 and F10 are at the same level indicating a mutual influence relationship. On the one hand, the construction of heat sources for the heating system, the construction of infrastructure and the energy-saving renovation of the heating system are inseparable from the cost. On the other hand, heat companies manage the operation and maintenance of heating systems to optimize system status and equipment performance, reducing heating system operating costs in the process of improving the efficiency of clean heating systems.
5 CONCLUSION AND ENLIGHTENMENT
5.1 Research conclusion
Based on the clarification of the connotation, direction, and objectives of the compound transformation, this paper uses statistical methods based on the literature analysis, semi-structured interviews and questionnaires to initially identify 15 influencing factors of the compound transformation of clean heating, and analyzes the importance, causality and hierarchical links among the influencing factors based on the Fuzzy-DEMATEL-ISM combination method.
1) In terms of the centrality of each influencing factor, energy delivery and utilization (F1) is the most important factor in the system of influencing factors for the compound transition of clean heating. The study of the innovation of various forms of energy compound realization and utilization, as well as the study of scenarios of different energy sources in multiple heating methods can strongly promote the compound transition.
2) In terms of the degree of causes of the influencing factors, half of the factors affecting heating transition are causes and half of the factors of results. The key causal factors are energy delivery and utilization (F1), clean heating technology innovation (F2), and environmental and clean heating policies (F13). The policy can provide a solid guarantee role for the achievement of the carbon neutrality goal and the compound transition of clean heating, and technological innovation provides continuous power support for the compound transition of clean heating. A single centralized or single decentralized form of heat source delivery is not the best way to solve the heat source delivery problem at present, and the implementation of the compound of centralized, decentralized and distributed clean heating by local conditions is an important means to promote the transformation and upgrading of clean heating.
3) From the viewpoint of the hierarchical relationship of the influencing factors of clean heating compound transition, the influencing factors can be divided into five levels, the more upper-level influencing factors have a faster direct impact on the clean heating compound transition, and the adjustment of the surface-level influencing factors can have an immediate effect on the clean heating compound transition The lower the influencing factors, the slower the transition to clean heating, so governments and companies should focus on the root causes and regulate these factors to achieve long-term development of efficient heating.
5.2 Research enlightenment
The research in this paper brings the following 3 insights.
1) The government should play the function of “guarantee and promotion”. On the one hand, governments at all levels should control the drivers of clean heating transformation as a whole, guide the development of the clean heating industry and regulate the system of the clean heating industry. Grasp the “fundamentals” that affect the compound transition of clean heating, focus on technological innovation of compound heating, implement guiding policies for the transition of clean heating in conjunction with local resource endowments, and ensure the rapid advancement of the compound transition of clean heating under the goal of carbon neutrality. On the other hand, local governments should explore compound models suitable for local heating conditions, develop subsidy mechanisms for enterprises and users, and establish a coordinated system for promoting regional work on clean heating according to the actual local situation.
2) Companies need to pay attention to key elements of heating systems and put into practice the construction of clean heating compound heating systems under the carbon neutrality goal. First, heating companies should strengthen the training of professional and technical staff to apply the leading international compound heating technologies to the heating field. Secondly, heating enterprises need to evaluate in the field, under the guidance of the government, clean heating energy sources that can be utilized on a large scale and their compound methods, and take into account the unity of economic, social and environmental benefits in the development and application of compound heating systems. Again, heating companies need to manage the operation and maintenance of the pipe network and equipment in the heating system to optimize the state of the heating system and the performance of the equipment. Finally, based on ensuring that northern heating users stay warm through the winter, heating companies need to gradually promote the compound transformation of clean heating towards carbon neutral goals.
3) Residents should participate in and monitor the whole process of the clean heating transition. The effective operation of the compound heating system requires regular collection and integration of the needs and feedback of heating users. The whole process work of the selection, planning, construction, post-operation, and maintenance of the clean heating compound method needs to be monitored and evaluated by users. Therefore, promoting energy saving and emission reduction by means of clean heating compound transformation is a complex and systematic project that requires the coordination and cooperation of government, enterprises and users to ensure the effective operation of the compound heating system composed of clean heating technology, clean energy and advanced heating equipment and other elements.
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