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Abstract: As a kind of renewable energy, biomass power has great development potential in mitigat-
ing greenhouse gas emissions. Therefore, under the background of carbon peak and carbon neutrality,
the diffusion of biomass power generation technology has practical significance. To address these
issues, this paper constructs a system dynamics model to study the impact of different policy effects
on the diffusion of biomass power generation technologies. The results show that the feed-in tariff
policy can significantly promote the installed capacity growth of biomass power generation projects;
on the other hand, carbon emission trading increases the investment value of projects and promotes
the growth of the installed capacity of biomass power generation projects, to a certain extent, so rele-
vant policies need to be improved to achieve the promotion of biomass power generation technology
in the future.
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1. Introduction
1.1. Background and Motivation

China’s economic transformation and structural adjustment have reached a critical
point. The nation has a major strategic plan for its economic and social development, by
promoting the revolution in energy production and consumption. In addition, China is
dominated by a coal energy consumption structure, which has caused a large number of
carbon emission problems. In this regard, China is facing severe pressure to reduce its
carbon emissions. In order to meet this challenge, the Chinese government has made a
solemn commitment to reach carbon peak emissions by 2030 and achieve carbon neutrality
by 2060 (http://www.gov.cn/zhengce/2021-10/24/content_5644613.htm, accessed on 24
October 2021). Therefore, the development of the renewable energy industry can help to
achieve this goal. As part of the renewable energy industry, electricity generation from
biomass can reduce electricity generation from conventional fossil energy sources. Hence,
biomass energy industry promotion can save energy and reduce emissions. The diffusion of
biomass energy is a process that is widely adopted over time [1]. Biomass power generation
has better economic and ecological benefits. On the one hand, biomass power generation
can replace the coal consumption required by traditional coal-fired power generation,
to a certain extent, thereby reducing carbon dioxide emissions [2]; on the other hand,
biomass power generation can solve the environmental pollution caused by agricultural
and forestry wastes, and enterprises can bring economic benefits to places with abundant
resource endowments, to a certain extent, through recycling and the utilization of biomass
resources [3].

Biomass power generation industry development is dependent on economic factors
and social recognition [4]. To promote the development of the biomass power industry, the
Chinese government has implemented a series of measures and incentives. These include
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feed-in tariffs, research and development subsidies and quotas. As a strategic emerging
industry, the biomass power generation industry has developed more slowly than other
renewable energy technologies, as shown in Figure 1. Therefore, the research questions
of this paper are as follows: What are the factors leading to the slow development of
the biomass power generation industry? What is the effect? Can government subsidies
promote biomass energy investment? The motivation of this paper is to examine the impact
of policy effects on the deployment of biomass power generation industries. To answer
these questions, this paper selects a system dynamic approach to analyze policy effects on
the adoption of biomass power technology. The research results of this paper can provide
decision support for biomass energy investors. In addition, for policy makers, the top-level
design of the system can be carried out in a scientific and reasonable way when making
relevant policies.
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Figure 1. The installed capacity of renewable energy (unit: kW). (Source: China Electricity Council
(https://www.cec.org.cn/, accessed on 26 October 2022).

1.2. Literature Reviews

The related research topics of the biomass power generation industry include the
development status, cost problems of the biomass power generation industry, policy effects,
investment decisions, environmental impacts, etc.

First, a review of the relevant research on the development status of the biomass power
generation industry was conducted, since the industry has gradually gained attention. For
example, Guan et al. [5] reviewed the problems existing in the development of the biomass
industry and believed that in order to ensure the healthy development of the biopower
industry, various policy combinations and government policies should be consistent. Lin
and He [6] analyzed the feasibility of biomass power generation projects and believed
that biomass power generation projects could have a great development potential in
bioenergy-rich areas. Ref. [1] studied the diffusion of biomass energy technology and
showed that resource potential and economic factors were the main reasons affecting
the diffusion of technology. Liu et al. [7] believed that the biomass power generation
industry faces the problem of a high production cost during the development process,
so the future development of the industry needs to be improved regarding financing,
the level of technological progress and the industrial chain. Zhao and Yan [8] believed
that the advantages of China’s biomass power generation industry lie in its abundant
biomass resources, while the disadvantages lie in its high power generation cost and
installation cost.

Second, in terms of cost, relevant studies have calculated the investment cost of
biomass power using learning curves. This research shows that the learning effect caused

https://www.cec.org.cn/
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by the accumulation of experience in the biomass energy industry can significantly reduce
the cost [9]. For example, Nevzorova et al. [10] investigated the source of the driving
force of biogas power in mature markets using the technology innovation system, and
they found that policy support and technical capacity were the primary driving factors of
the biomass power. Lin and He [9] calculated the investment cost of the biomass power
generation industry by using a learning curve, and the results showed that cost reduction
was the reason for the rapid development of biomass power generation.

Third, there is a focus on policy effect evaluation. Zhang et al. [11] analyzed the
development prospect of biomass from the perspective of cost effectiveness and believed
that high fuel cost was one of the main factors affecting biomass power generation. Ir-
fan et al. [12] believed that biomass power generation industry development should be
improved regarding the aspects of the financial mechanism, environmental awareness,
policy incentives, and technology. Borges et al. [13] believed that information dissemi-
nation is important in the diffusion of biomass power generation technology and that
the lack of relevant incentive production and R&D policies is a major reason for the slow
diffusion rate.

Fourth, regarding the investment decision of bio-power projects, government policies
generally encourage the development of the biomass power generation industry through
financial rewards, thereby raising the enthusiasm of biomass energy investors. For example,
Zhang et al. investigated the deployment of the biomass power industry through the lens
of renewable energy incentive policies, and their findings revealed that, when compared to
the feed-in tariff policy, the renewable energy quota policy could promote the development
of the biomass power generation industry in the long run [14]. Biomass power generation
project investors’ perceptions of investment risk, income and other factors determine their
decision-making behavior. Since the investment process has an uncertainty problem, this
delays the investors’ investment decision. For example, [15] believed that the adoption
of renewable energy technology can be studied from the perspective of investors, and
the key factors affecting the decision-making behavior of investors are risk and return.
Wang et al. [16] used the real option model to investigate the uncertainty in the investment
process of the biomass power generation industry. The study showed that government
subsidies could stimulate the investment enthusiasm of biomass investors; however, despite
full government subsidies, a difference still remained between the investment cost of
biomass power and the market price. Liu et al. [17] indicated that the subsidy policy is
critical to the development of the biomass power industry, and their results showed that
with an increase in the investment subsidy, the scale of biomass grows rapidly.

As for the environmental benefits, some researchers investigating the potential of
carbon emission reduction, such as He et al. [3], insisted that biomass energy to generate
electricity can not only bring environmental benefits but also control greenhouse gas
emissions. Ref. [18] analyzed the biomass power generation industry from the perspective
of environmental benefits, and the results revealed that biomass power generation reduced
GHG emissions.

1.3. Contributions and Innovations

Over time, the existing research has laid the foundation for the development of the
biomass energy industry. However, compared with this related research, the contribution
and innovations of this study are summarized as follows.

(1) The existing literature analyzed the technical and economic problems of the biomass
power generation industry [19]; however, the problem of the diffusion of the biomass
power industry from the perspective of technology adoption is lacking. Thus, this paper
studies the adoption behavior of biomass power from the perspective of technology
diffusion. At the same time, the related factors affecting the diffusion of biomass power
technology are dynamically analyzed in order to clarify the diffusion mechanism.

(2) In order to understand the influence of policy effects on the diffusion of biomass power
projects, this paper constructs a system dynamics model to explore the influence of



Sustainability 2023, 15, 1723 4 of 11

the interaction of the influencing factors on the diffusion, to provide support for
investors’ decisions.

2. Materials and Methods

In 2020, the National Development and Reform Commission and other departments
issued the “Implementation Plan on Improving the Construction and Operation of Biomass
Power Generation Projects”, which showed that biomass power projects have attracted
much attention [20]. This is the reason why this study chose the biomass power projects
as a case study. The detailed reasons are as follows: Firstly, from the perspective of
resource endowment, biomass energy resources are relatively abundant. Secondly, the
biomass power industry has good environmental benefits. Given the targets for carbon
peak and carbon neutrality, the development of biomass power technology can help to
achieve the dual carbon target. Finally, biomass power generation has good economic
benefits, and biomass power investors can bring considerable economic benefits to the
resource endowment area by recycling biomass energy resources. Therefore, the large-
scale deployment of biomass energy projects has reference significance for biomass energy
diffusion in other regions.

2.1. Reasons for System Dynamic Model

Forrester of Massachusetts Institute of Technology first proposed system dynamics
in 1956 [21]. System dynamics (SD) aims to analyze an information feedback system
and understand its future development trend by imitating the internal structure and
development dynamic behavior in the real world [22]. So system dynamics is suitable for
the study of renewable energy technology. The advantages of this method are that it has
the characteristics of dynamic feedback mechanism, which can well reflect the influence of
key variables in the system on the whole system [23]. The diffusion of biomass power is
also a complex social system, which involves many influences, and there are interaction
behaviors between different factors that make the process show complexity characteristics.
On the other hand, system dynamics aims at understanding the relationships among factors
in the system and the decision-making behavior of the subject, rather than the pursuit
of prediction accuracy. It is also called a “policy laboratory”. Due to these advantages,
system dynamics is widely used in renewable energy policy evaluation [24]. Moreover, the
research topic of this paper conforms to the research paradigm of system dynamics method.
Therefore, this paper chooses the SD model to investigate the dynamic diffusion process of
biomass projects.

2.2. Model Construction
2.2.1. Model Description

The diffusion of biomass power generation technology is essentially an investment
behavior, so investment willingness determines the decision behavior of investors [24].
However, there are many factors influencing investors’ decision-making behavior, and this
paper only examines the impact of key factors on the diffusion of biomass power generation
technology. When measuring the diffusion level, existing studies usually use the installed
capacity scale to characterize the diffusion level of renewable energy technologies [25,26].
Therefore, the installed capacity of biomass power is chosen to characterize the diffusion
level in this paper.

When making investment decisions, investors usually consider the benefits and risks
of investing in biomass power generation projects. Therefore, return on investment is an
important factor affecting the promotion of biomass power projects [14]. Accordingly, the
diffusion process of biomass power projects is shown in Figure 2. Since biomass power
generation projects require high initial investment costs, government incentive policies
are needed to support their development. Government policies can increase investment
income for investors in biomass power projects. Investment in biomass power projects,
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driven by considerable income, can increase investors’ enthusiasm for investment and
making investment decisions.
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Finally, with the increase in investment in biomass power projects, the installed
capacity of biomass power projects increases, to achieve the diffusion process. On the other
hand, the impact of technological progress on the proliferation of biomass power projects
reduces investment costs, as knowledge and experience accumulate during the installation
of biomass power generation technologies, which is known as the effect of learning by
doing. Biomass industry technological progress causes investment cost to reduce, which
increases investors’ return on investment for improvement of biomass power generation
projects, boosts the enthusiasm lever of potential investors and also make more investors
participate in biomass power generation projects, thus increasing the installed capacity of
biomass power.

2.2.2. Mathematical Model

(1) Installed capacity of biomass power projects

CICt ,biomass = CICinitial,biomass +
∫

(NICt,biomass − DICt,biomass)dt (1)

DICbiomass = CICbiomass/LSbiomass (2)

ICCbiomass =
∫

(IRbiomass − NICbiomass)dt (3)

ICnew,biomass = Delay1(ICCbiomass, time) (4)

where CICt denotes the cumulative constructed capacity of biomass power projects, NIC
is new constructed capacity of biomass power projects, DIC is the depreciated capacity of
biomass power projects over time, LS is working years during the life cycle of a biomass
power project, and ICC denotes the installed capacity under construction of biomass power.

(2) Revenue composition of biomass power projects

For investors of biomass power projects, their income mainly comes from the income
of electricity sales and the income generated by reducing carbon emissions. Since biomass
power generation technology has great potential to mitigate the greenhouse effect, green-
house gas emissions can be reduced through biomass power generation. Ahmad et al. [27]
believed that renewable energy generation can avoid carbon emissions, so the reduced
carbon emissions can be taken into account regarding the investment income of investors.
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For the carbon trading market, the Chinese government has set up seven pilot cities. There-
fore, reduced greenhouse gas emissions from biomass power projects can bring additional
returns to investors in biomass power projects. Therefore, this paper considers the benefits
of carbon emission reduction. The main formulas are as follows:

Gpower = CIC × h (5)

R = Relectricity + Rcarbon (6)

PG = (Gpower − EC) × (1 − lr) (7)

Relectricity = FITbiomass × PGbiomass (8)

Rcarbon = Pce × Ce f f i × PGbiomass (9)

where Relectricity denotes the revenue from selling the electricity, Rcarbon is the income from
the sale of the reduced carbon emissions, PG is the amount of electricity that is connected
to the grid system, EC is the biomass power plant self-consumption rate, and lr denotes
the line loss rate.

(3) Cost composition of biomass power projects

For biomass power projects, cost is mainly composed of biomass equipment invest-
ment cost, material cost, and operation and maintenance cost. Therefore, the detailed
formula is shown as follows:

TC = Incost + Materialcost + OMcost (10)

where Incost is investment cost of biomass power, Materialcost denotes the cost of material,
and OMcost is the operation and maintenance cost during the lifetime. In renewable energy
technology research, learning curve is often used to measure the impact of technological
progress on cost.

The learning curve was first proposed by Wright [28], which means that the unit cost
of a certain technology decreases with the accumulation of production experience. The
calculation of equipment investment cost conforms to the general rule of learning curve, so
it can be calculated by means of learning curve. The detailed formula is as follows:

InCost,biomass = A × CICα
t,biomass (11)

LnInCost,biomass = LnA + αLnCICt,biomass (12)

LR = 1 − 2α (13)

where LR is the learning rate of biomass power, and α is a coefficient.
Existing studies show that due to the disclosure of relevant data in the biomass power

industry and other related reasons, there are certain difficulties in obtaining relevant data,
and there are numerical differences in the learning rate estimated by the learning curve [3].
According to the research results of [9], the value range of coefficient is roughly between
5.6% and 7.8%. According to the research results of [29], the coefficient of biomass power
in China is roughly 0.48. Yu-zhuo et al. [14] also assumed the value of coefficient is 0.48. In
summary, according to the results of existing studies on the coefficient of biomass power
generation industry, this value is roughly between 0.02 and 0.48 [3,14,30,31]. He [3] believed
that there were great differences in the learning rate values of different studies, which
were mainly explained by the stage of technological progress and the different types of
technological maturity. Due to space limitations, only the main equations are listed. The
rest of coefficient of this paper can be found in the Supplementary Materials.
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3. Results

(1) Effect of different subsidy levels on installed capacity

This study set three scenarios to investigate the effect of different subsidy levels on the
installed capacity of the biomass power industry. We evaluated the change in the installed
capacity of biomass power generation projects under different subsidy policy scenarios
by floating 10% or less under the benchmark scenario as a reference. The feed-in price
subsidy in the benchmark scenario is set at 0.75 RMB/kWh. As shown in Figure 3, the
feed-in tariff subsidy policy positively correlates with the installed capacity of biomass
power generation projects. Higher levels of feed-in tariffs have increased investor interest,
resulting in an increase in the installed capacity of physical power projects. The higher
the subsidy level is, the greater the installed capacity of biomass power projects is, and
vice versa. The reason is that the feed-in tariff subsidy is a direct financial subsidy policy,
which provides corresponding capital support to biomass investors according to the power
generation and can enhance the investment enthusiasm of investors. In addition, under the
subsidy mechanism, investors in biomass power generation projects can obtain stable and
expected investment returns. Therefore, the smaller the perceived investment risk is, the
more investors are interested in investing in biomass generation projects. Figure 4 shows
that the higher the subsidy price level is, the higher the revenue is, from which investors in
biomass power generation projects can obtain profit. Driven by expected profits, investors
are also more willing to invest in biomass power projects.
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(2) Effect of different carbon price levels on installed capacity

To evaluate the impact of carbon emission trading on biomass power project invest-
ment, this paper considers the effect of different carbon price levels on the biomass power
generation. According to Figures 5 and 6, The carbon price level also has a significant
impact on the installed capacity of biomass power generation projects. Specifically, the
higher the carbon price is, the installed capacity of biomass power projects also increases.
This is mainly because carbon price can increase the additional income of investors in
biomass power generation projects. With the increase in profits level, investors’ perception
of future investment income can reduce investment risk, so they are willing to invest in
biomass power generation projects.
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4. Discussion

To prove the scientific rationality of the research results of this paper, this paper
is compared with the relevant research. Consistent with [14], the feed-in tariff subsidy
policy boosts the growth of the installed capacity of renewable energy, because the feed-in
tariff can compensate for the capital input of investors, thus producing reasonable profit
returns. This is also the reason why the feed-in tariff policy significantly promotes the rapid
development of the biomass power generation industry. However, with the improvement in
the technological innovation level of the biomass power generation industry, the investment
cost changes dynamically. Therefore, the level of government subsidy policy should be
adjusted in a timely manner, according to the dynamic change of the biomass power
generation cost.
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In terms of carbon trading policies, Zhang et al. [29] believed that the revenue from
carbon emission reduction can improve the investment value of renewable energy power
projects. China’s carbon trading market is currently in the stage of cultivation and devel-
opment, so the design of relevant market institutional parameters needs to be constantly
improved, which is conducive to carbon trading as a market-based tool to promote the
development of the biomass power generation industry. Therefore, it is important for
policy makers to improve the relevant institutional norms of the carbon trading market to
promote renewable energy technologies. Therefore, the research conclusion of this paper is
reasonable, to some extent.

Finally, technological innovation is a source of cost reduction. To improve the tech-
nology innovation of the biomass industry, policy makers should strengthen research and
development subsidies for the biomass power industry, especially for the technological
innovation of core equipment.

5. Conclusions

In order to alleviate the environmental problems caused by greenhouse gas emissions,
the Chinese government has put forward ambitious targets for carbon peaking and carbon
neutrality. As a kind of clean energy, biomass power generation can improve environmental
quality; on the other hand, the development of the biomass power industry has good
economic benefits. Therefore, the biomass power generation industry has a wide range of
development scenarios under the double carbon targets. In order to study the diffusion of
biomass power generation technologies under different policies, a system dynamics model
is constructed to study the dynamic effects of policies on the diffusion level. According to
the simulation results in this paper, the following conclusions can be drawn. First, the feed-
in tariff policy can significantly promote the installed capacity growth of biomass power
generation projects. With the increase in the subsidy level, the investment enthusiasm of
biomass power generation investors is high, which expands the investment scale of biomass
power generation projects. Second, carbon emission trading increases the investment
value of the project and promotes the growth of the installed capacity of biomass power
generation projects, to a certain extent.
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