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Abstract

:

To combat climate change, the Chinese government has implemented a package of policies to support the development of the biogas power generation industry. However, the promotion of biogas power generation technology in China is relatively slow. Therefore, it is of practical significance to study the promotion of biogas power generation technology against the background of policy support. In order to study the effect of policy on the promotion of biogas power generation technology, a system dynamics model is constructed in this paper. The results show that under the feed-in tariff subsidy policy, biogas power generation technology can be well promoted because it has good economic and environmental effects. In addition, if the biogas power generation technology is considered to participate in carbon emission trading, the carbon price also has a positive impact on the promotion of biogas power generation technology because it increases the perceived economic value of biogas power generation projects. Finally, this study can also provide reference value for the promotion of biogas power generation technology in other areas.






Keywords:


incentive policies; biogas power; system dynamic; technology adoption; decision-making












1. Introduction


1.1. Background and Motivation


At present, China is in the critical phase of energy transformation; low-carbon energy transformation is the problem that needs to be solved now. The main energy consumption structure of coal has resulted in a large number of greenhouse gases, such as carbon dioxide emissions. In response to climate change, the Chinese government has duly set ambitious targets to achieve carbon peaking by 2030 and carbon neutrality by 2060 (“double carbon”) http://www.gov.cn/xinwen/2021-04/02/content_5597403.htm (accessed on 27 October 2022). Renewable energy generation has the characteristic of generating net zero carbon emissions. Increasing the proportion of renewable energy generation in the energy consumption structure will help mitigate greenhouse gas emissions. Biogas power generation is one of the biomass power generation technologies. Its advantages lie in the fact that, compared with other renewable energy power generation projects, biogas power generation projects have relatively less investment and simpler operation and maintenance in the later period. Therefore, it is suitable for promotion in areas rich in biogas resources.



Like other renewable energy generation technologies, cost and benefits are the most important factors restricting the promotion of biogas power generation technology. Therefore, the government has implemented relevant incentives to support the development of the biogas industry. The most important of these policies is the feed-in tariff, which is based on subsidies for electricity generated from renewable sources. Therefore, with the support of government policies, biogas power generation has achieved a certain scale of development. The adoption of biogas power generation technology refers to the process of biogas power generation projects being adopted by investors over time. According to public data, the installed capacity of biogas power generation will be 1,110,000 kW by 2021, https://www.sohu.com/a/600117257_120113054 (accessed on 27 October 2022). Alternatively, the raw materials of biogas power generation projects are all kinds of wastes containing organic matter, so the waste resources that can be used for biogas have great potential. In addition, China has rich biomass energy resources, so the biogas power generation project has the conditions for promotion.



In order to deal with environmental change, the Chinese government has continuously improved the top-level design of climate change work. For example, China has established a “1 + N” policy system for carbon peaking and carbon neutrality to control greenhouse gas emissions in the medium to long term, http://www.gov.cn/xinwen/2021-07/14/content_5624831.htm (accessed on 2 November 2021). Biogas is an efficient, safe, and environmentally friendly clean fuel. Biogas power generation helps reduce carbon emissions and improve environmental performance. In the context of carbon peaking and carbon neutrality, the development of biogas power generation technology is helpful to reduce carbon dioxide emissions. In the process of realizing the goal of double carbon, biogas power generation will be more widely used. Utilization of biogas resources can replace fossil fuel power generation to a certain extent. Alternatively, it can reduce the emission of harmful gases and realize the reuse of waste resources. With the progress of biogas production [1,2], this makes the biogas power generation industry promising.



China’s biogas power generation has a broad development prospect due to the abundant biomass resources [3]. However, the development of the biogas power generation industry is not fast due to the cost and the need to improve industrialization. Although a biogas power generation project has certain economic benefits and investment feasibility, in the promotion process of a biogas power generation project, investors’ investment intentions are not high; therefore, there is a problem, namely, how to promote a biogas power generation project to achieve biogas resource utilization. This is a problem worth studying. Therefore, the research questions are: how can we encourage investors to invest in biogas power generation projects? What is the effect of government policies on the promotion of biogas power generation projects? This is the question that needs to be solved in this paper. To solve these questions, this paper utilized a system dynamics model to study the diffusion of biogas power generation projects under the subsidy policy.




1.2. Literature Review


At present, there are a lot of research results on biogas power generation. First of all, from the perspective of influencing factors for the promotion of biogas power generation technology, the factors affecting biogas power generation projects mainly include: policy factors, financial support, environmental awareness, as well as social acceptance [3,4]. For example, Mukeshimana et al. [5] analyzed the constraints on the adoption of biogas technology, and the research results indicate that finance, technology, society, policies, and institutions are the main factors affecting the adoption of biogas in developing countries. Tigabu et al. [6] analyzed the biogas technology in Rwanda based on the technology innovation system, and the research showed that the technology innovation capability was the main reason restricting the low adoption rate of biogas technology in Rwanda. In order to study the dynamic factors and hindrance factors of biogas technology popularization, Ahmed et al. [7] conducted research on the diffusion of biogas technology in Pakistan. The research shows that grid accessibility, social acceptance, and energy security are the driving forces behind the diffusion of biogas technology, while biogas equipment maintenance and a long payback period are barriers to its adoption. Alternatively, the insufficient supply of biogas resources, high installation costs, and lack of technical information are also the main factors affecting the adoption of biogas.



In terms of cost and benefits, investment costs are an important factor hindering the popularization of environmentally friendly technologies [8,9]. The biogas power generation project is analyzed in terms of a cost-benefit analysis to determine its technical feasibility. It is mainly determined by economic benefits, payback period, and return on investment. For example, Budzianowski [10] analyzed the development prospects and challenges of biogas technology and showed that the key factors affecting biogas investment were economic measures, the availability of raw materials, and the reliability of biogas technology. According to Bakhtiar [11], investment, technology, and infrastructure are the main influencing factors for the commercial diffusion of biomass energy. Zhang and Xu [12] analyzed the economic and environmental benefits of biogas power generation projects based on life cycle analysis, and the results showed that large-scale biogas power generation projects had good economic and environmental benefits. However, despite the economic and environmental benefits of biogas technology, the adoption rate is not high in developing countries. Bekchanov [13] believed that biogas power generation technology was adopted with the support of government policies, and the lack of economic incentives and environmental awareness were the factors that led to the reluctance to adopt. Therefore, biogas power projects depend on policy incentives.



As for policy tools, Venus [14] believed that the feed-in tariff policy played an important role in the promotion of biogas power generation technology in Germany, while the gradual cancellation of the subsidy policy would bring challenges to the biogas power generation industry. Wang et al. [15] studied the deployment of waste power generation under the feed-in tariff subsidy policy, and the research results showed that the feed-in tariff subsidy policy had a positive impact on the installed capacity of waste power generation. Secondly, improving the technological progress level of the waste power generation industry could reduce the investment costs for investors. Xin-gang et al. [16] constructed a system dynamics model to study the impact of feed-in tariff subsidy policy and a renewable energy quota system on the waste power generation industry, and the results show that market-based tools are sustainable in the long run. Subsidy policy plays an important guiding role for biogas power generation technology [17]. Kozłowski et al. [18] think that if there is no subsidy, biogas power generation projects are not profitable. According to [19], the promotion of biogas power generation technology needs the support of a package of government policy tools, including feed-in tariffs, quotas, bidding, etc. Therefore, the biogas power generation market in Germany is more mature. Biogas power generation technology can solve people’s increasing energy needs; alternatively, it can also deal with the accumulation of waste. Therefore, Borges et al. [20] evaluated the potential of biogas in Brazil. The study showed that the lack of policies to incentivize production and R&D purposes is the reason for the slow growth of biogas power generation technology, while at the same time creating challenges for adopters to overcome the initial investment costs. Lauven et al. [21] believed that in the absence of incentives, biogas plants would be uncompetitive in the market.



Last, there are also studies from the perspectives of information and social acceptance [4]. Zepter et al. [22] believe that biogas power generation can play an important role in the green energy transition because of its huge power generation potential. This leads to stress in the distribution system as renewable energy generation is added to the grid. The integrity of distribution network facilities will also have an impact, hence the need to strengthen the construction of grid infrastructure. In addition, potential investors will also obtain relevant information from investors, so information factors will also have an impact on the decision-making behavior of potential adopters. Rahman et al. [23] studied biogas application through a questionnaire survey, and the research showed that the availability of funds plays a key role in promoting the adoption of biogas technology. In addition, the spread of biogas technology can alleviate the impact of poverty because of its environmental effects. From the perspective of public acceptance, the higher the level of technical knowledge of biogas production, the higher the level of public acceptance of biogas technology [24]. In terms of research methods, this paper reviews relevant literature and summarizes it, as shown in Table 1.




1.3. Contributions and Innovations


	(1)

	
Compared with previous research, the research themes of existing research mainly focus on the identification and cost-benefit analysis of the promotion factors of biogas power generation projects, but there are few studies on the diffusion of biogas power generation projects. Therefore, this paper studies the promotion of biogas power generation projects from the perspective of policy effects. This can provide relevant decision support for biogas power generation project investors and related policymakers.




	(2)

	
In terms of research methods, existing research generally identifies the influencing factors of biogas power generation technology through a questionnaire survey. However, the promotion of biogas technology is a dynamic process, and the traditional quantitative methods cannot reflect this dynamic process. In view of this, this paper uses the system dynamics model to study the promotion process of biogas power generation technology under the policy effect.









2. Materials and Methods


Biogas as a resource has huge potential in China. Reasonable utilization of biogas resources can alleviate greenhouse gas emissions; the electricity generated by biogas power generation can avoid the carbon emissions generated by other fossil fuel power generation (such as coal), thus achieving the effect of carbon reduction. Alternatively, the acquisition of biogas raw materials by biogas power generation manufacturers can bring economic benefits to areas rich in biogas resources. Therefore, it is of practical significance to study the diffusion of biogas power generation technology against the background of double carbon.



In the research of renewable energy technology diffusion, a system dynamics model is often used to study the influence of various factors on the installed capacity of renewable energy. Its advantage is that the system dynamics model can study the interaction between various factors. Therefore, the system dynamics model is used to study the diffusion of biogas power generation technology.



Based on this, the main purpose of this paper is to investigate the effects of policy on the diffusion of biogas plants. The whole causal loop is shown in Figure 1.



Model Construction


As for the revenue from biogas projects, profit maximization is the criterion influencing the adoption of biogas technology. Therefore, maximizing economic benefits is the main motivation for technology adoption. Biogas can generate electricity and feed it into the grid, where it can be sold for a financial return. As an efficient, safe, and environmentally friendly clean fuel, biogas resource utilization can reduce carbon emissions. The existing studies often consider the carbon emission reduction income when considering the economic value of renewable energy projects [3,27]. Therefore, the income composition of the biogas power generation project includes power generation income and environmental benefits [3], so the formula can be expressed as:


   R e  = G ×  P e   



(1)






   R c  = G ×  P c   



(2)




where    R e    denotes income from sales of biogas power generation,  G  denotes biogas generation,    P e    is feed-in tariff. Biogas power generation is a form of biomass energy generation that also enjoys the government’s online preferential policies. According to our government’s support for the biogas power generation industry, its on-grid electricity price is 0.75 CNY.    R c    denotes revenue from reduced carbon emissions and    P c    is the carbon price.



As for the cost of biogas, a learning curve is a tendency for the unit cost of a technology to decline as experience in manufacturing it is gained [28]. In renewable energy research, the learning curve is often used to measure the impact of technological advances on investment costs. Considering the impact of technological progress on the investment cost, and due to the availability of data, this paper measures the dynamic impact of technological progress on the technology cost of biogas power generation based on the single factor learning curve.


  T C =  C  e q u   +  C r    c  +  C  o m   +  C  o t h e r    



(3)






   C  e q u   = a × C u  p α   



(4)






  l r = 1 −  2 α   



(5)




where    C  e q u     is the equipment cost of biogas power,    C r    c    is raw material cost of biogas,    C  o m     denotes operation and maintenance cost of biogas,    C  o t h e r     is other costs of biogas. According to [28], the learning index of the single factor model is 0–24%, and the average value is 11%. Borges et al. [20] set this value at 10% when studying the learning index of biogas power generation technology. From this, we can calculate the value of the investment cost of a biogas power generation project as it changes over time.



The abbreviations of this paper are shown in Table 2.





3. Results and Discussion


3.1. Results


To investigate the different policies on the deployment of biogas, this study chose the FIT and carbon price. The starting point of simulation time is 2015, and 2020–2025 is prediction time.



	(1)

	
The effects of different FITs on biogas power generation projects







As we can see from Figure 2 and Figure 3, as the intensity of the feed-in tariff increases, the installed capacity of biogas in operation also increases. Meanwhile, attracted by the subsidy policy, the profits available to investors also increased correspondingly. It can be seen that the feed-in tariff subsidy policy is highly attractive to biogas project investors. It is designed to subsidize the power generated from biogas technology, so the more biogas generation, the greater the expected profit, which increases the enthusiasm of biogas power generation investors and reduces the investment risk.



	(2)

	
Influence of carbon pricing on biogas power generation projects







The simulation results are shown in Figure 4 and Figure 5 and Figure 6. The level of carbon pricing also has an impact on investors in biogas power generation projects. The higher the carbon price, the higher the carbon emission reduction income investors can get from investing in biogas power generation projects. At this time, the investor can not only obtain the income from the sale of biogas power generation in the investment project; investors can also get the corresponding carbon emission reduction income from the carbon trading market. Therefore, as the income of biogas power generation projects increases, investors’ willingness to invest will also increase.




3.2. Discussion


Existing studies believe that government subsidy policies are crucial to the development of the biomass power generation industry, especially biogas power generation technology. This is because government subsidy policies can increase investors’ profit expectations and reduce investment uncertainty and risks. Zhang et al. [3] studied the investment decision-making of biomass power generation technology from the perspective of real options. The research shows that government subsidies can attract investors to invest in biomass power generation projects, and the price level of carbon emissions also affects the investment projects’ economic value. Guo et al. [29] believe that biomass power generation projects have the potential to reduce carbon emissions, and the carbon trading market can help improve the profitability of biomass power generation projects. Thapa et al. [30] believe that the environmental income generated by biogas power generation can increase investors’ willingness to invest in biogas power generation technology, thus realizing the adoption of biogas power generation technology. Chung et al. [17] believed that policies can promote biogas development, but different types of policy tools have different emphases, so it is necessary to use policy tools in a coordinated manner. Xue et al. [31] make a comparative analysis of the development situation of biogas in China and Europe, and the research shows that in order to promote the development of the biogas industry, it is necessary to adhere to the market drive. As can be seen from the above research, policy plays an important role in the development of the biogas industry. The reason for the slow spread of biogas power generation technology is the cost of investment, and the perceived return on investment is the most important factor to attract adopters. This is consistent with our findings. In the future, the development of the biogas power generation industry will scale up with the support of the government. Investors need to pay attention to the technical progress level of the biogas power generation industry and reduce costs through continuous technological improvement.





4. Conclusions and Outlook


The Chinese government is actively responding to the impact of climate change, such as by optimizing the energy mix and increasing the proportion of renewable energy generation in the energy consumption mix. In order to reduce greenhouse gas emissions, our government has put forward a carbon peak and carbon neutral program. As a sustainable biomass resource, biogas power generation technology has the characteristics of being clean and low-carbon. Therefore, the development of biogas power generation technology is conducive to the realization of energy savings and emission reduction goals. In order to support the development of the biogas power generation industry, the government has also implemented a package of policies and measures to support its development. However, the development of biogas power generation technology in China is relatively slow. Therefore, it is of practical significance to study the promotion of biogas power generation technology under the policy incentive. Based on this, this paper utilizes a system dynamics model to study the promotion of biogas power generation technology under the policy incentive. The results show that the economic benefit of biogas power generation projects is an important factor affecting the promotion of biogas power generation technology. When the intensity of policy subsidies is higher, the benefit that investors in biogas power generation projects can obtain is higher, and investors are more willing to invest in this power generation technology. In addition, the results also show that when biogas power generation technology can participate in the carbon trading market in the future, the carbon price will have a positive impact on the promotion of biogas power generation technology. Based on the above research results, this paper puts forward the following policy recommendations:



First of all, biogas power generation technology requires a relatively large amount of initial investment, so its promotion needs to rely on the support of government policies. Therefore, the price subsidy policy for biogas power generation projects can mobilize the enthusiasm of investors to invest in biogas power generation projects and promote the rapid development of the biogas power generation industry. However, there is also a problem: the cost of government subsidies increases; alternatively, with the technological progress of the biogas power generation industry, the investment cost of a biogas power generation project will show a downward trend over time. Therefore, the price subsidy policy should be adjusted timely, and the reasonable formulation of the feed-in price subsidy policy can promote the development of the industry.



Secondly, the government should improve relevant policies and lead the biogas power generation industry by strengthening guidance so as to create a good environment for the biogas power generation industry. By giving play to the market mechanism, actively guide all kinds of capital to invest in biogas power generation projects so as to form industrialization and development and constantly improve economic and environmental benefits. Moreover, the industry standard for biogas power generation should be improved to create conditions for its commercial development and utilization. Finally, in terms of financing channels, the financial sector can provide financing models with multiple channels to provide investors with corresponding loans, thus increasing the attraction of investors’ investments. In terms of publicity and popularization, it is necessary to increase technical publicity, such as through the establishment of demonstration and application pilots and the publicity of the economic and technological advantages of biogas power generation, so as to promote public familiarity and acceptance.



Lastly, the limitation of this paper is that it only considers the impact of feed-in tariff subsidies and carbon pricing on biogas power generation. In addition, in the future, if the availability of data is satisfied, other methods can be combined to further analyze the sustainable development of the biogas power generation industry. Alternatively, the characteristics of the adopters, such as knowledge, information access, economic affordability, and risk preference, determine the heterogeneity of the adopters, which will lead to different decision-making behaviors. As a bottom-up model, the multi-agent model can better represent the change in decision-making behavior and psychological characteristics of the adopters at the micro level. In the diffusion process, the decision-making behavior of adopters is the basis of investment in biogas power generation projects. Future research can use the multi-agent model to depict this diffusion process.
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Figure 1. The diffusion of biogas projects. 
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Figure 2. The installed biogas capacity in operation. 
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Figure 3. The profits of biogas projects 1 (USD = 6.7722 CNY). 
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Figure 4. The revenue from avoided carbon emissions. 
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Figure 5. The profits of biogas projects. 
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Figure 6. The biogas installed capacity in operation. 






Figure 6. The biogas installed capacity in operation.



[image: Energies 16 01622 g006]







[image: Table] 





Table 1. The relevant literature can be summarized as follows.
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	Author
	Contents
	Methods





	Sarker et al. (2020) [25]
	The application of biogas is analyzed from the perspective of economic feasibility.
	Empirical method



	He et al. (2022) [4]
	Social network is used to study the application of biogas power generation technology.
	Empirical method



	Ahmad et al. (2023) [26]
	The influencing factors of biogas application are studied from the perspective of innovation diffusion.
	Structural equation model



	Borges et al. (2020) [20]
	To estimate the potential of biogas power.
	System dynamic model
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Table 2. The abbreviation of this paper.
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	Abbreviations
	





	    R e    
	income from sales of biogas power generation



	G
	biogas generation



	    P e    
	feed-in tariff



	    P c    
	carbon price



	    C  e q u     
	equipment cost



	    C  o m         C  o t h e r     
	operation and maintenance costs of biogasother costs of biogas



	Cup
	cumulative capacity of biogas power
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