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Abstract: In recent years, global environmental problems such as air pollution and the greenhouse
effect have become more and more serious. The utilization of biomass energy not only can promote
low-carbon transformation to establish a competitive advantage through value creation under the
goals of carbon peaking and carbon neutrality but is also an important force in solving environmental
problems. Government subsidy policies play an important role in promoting the development of
biomass energy utilization. Taking straw as an example, this paper constructs a straw recycling
supply chain system dynamics model consisting of farmers, acquisition stations, power plants, and
pyrolysis plants based on a real-world case. Two types of straw processing, namely power generation
and pyrolysis, are considered in the model. This paper analyzes the economic and environmental
impacts of three subsidy policies, namely the unified rate policy, the linear growth policy, and a
two-step policy, by comparing the profit, carbon, and pollution emission reduction benefits of the
supply chain under different subsidy scenarios. The result shows that, among the three subsidy
policies, the unified rate policy shows the best-promoting effect. The research results and policy
implications in this paper could be a reference for governments trying to formulate subsidy policies
for developing biomass energy utilization.

Keywords: biomass recycling supply chain; government subsidy policies; system dynamics modeling;
carbon emission reduction; pollution emission reduction

1. Introduction

As an important basis for human survival and development, fossil energy has sup-
ported the development of industrial civilization. But the utilization of this kind of energy
has been simultaneously causing serious atmospheric pollution and the greenhouse effect.
To cope with increasingly serious environmental problems, the international community
reached a consensus on the low-carbon transformation of the energy system [1]. Biomass
energy is the fourth largest energy source after coal, oil, and natural gas [2]. The widespread
use of biomass energy can not only help to reduce the dependence on nonrenewable fuels,
but it can also serve as cheaper, renewable, and greener raw materials in many indus-
tries [3,4]. It is valued by countries around the world because it is environment-friendly
and conducive to sustainable development. In 2021, China invested CNY 2.5 billion in
subsidies for the construction of its biomass energy industry to promote the high-quality
development of its national biomass power generation industry [5]. In 2022, the European
Commission released an energy transition action plan named REPowerEU, planning to
invest EUR 300 billion by 2030 to accelerate the clean energy transition, including biomass
energy [6]. Biomass energy has been commonly adopted around the world to cope with
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climate change, manage environmental pollution, and promote energy transition and
green development.

In many agricultural production countries, including China, straw is an abundant biomass
resource. Since 2010, China’s annual production of straw has exceeded 800 million tons [7],
accounting for about 20% of the global annual straw yield [8]. The demand for crop straw
processing is high. Improper processing technology might cause serious environmental pollution
and a large amount of waste. With the continuous evolution of sustainable development goals
and increasingly scarce fossil energy resources, China’s energy structure transformation is
imminent. The Chinese government has made many efforts to comprehensively utilize straw for
the development of energy conservation and emission reduction. By 2021, the comprehensive
utilization rate of crop straw in China had reached 88.1% [9]. The capacity for comprehensive
straw utilization has been steadily increasing.

Among the various straw resource utilization methods, due to the government’s pref-
erence to persuade farmers to adopt more environmentally friendly farming practices [10],
straw return is still the most common way to deal with straw in most countries, such as
the UK, the United States, Canada, and Japan. However, the utilization of straw energy
has also been strongly promoted and supported by many developed countries [11]. The
reason is that, on the one hand, it can avoid some negative effects on the environment
caused by straw return, such as the occurrence of diseases and pests caused by the excessive
amount of straw that cannot be naturally decomposed or the soluble organics produced
during straw decomposition that will cause water pollution [12]. On the other hand, it
can effectively increase the energy supply of the agricultural industry, reduce the waste of
resources, and alleviate the contradiction between the supply and demand of fossil energy.

Among the various ways of comprehensive straw utilization in China, the utilization
rate of feed and fertilizer is as high as 76.9%, while the utilization rate of energy is only
8.9% [10]. In practice, the large-scale development of the straw recycling supply chain is still
hampered by obstacles from both the supply and demand sides. On the supply side, some
farmers still dispose of straw by direct incineration [13], which harms the environment.
This is not only not in line with the construction task of building a resource-saving and
environment-friendly society but also contrary to the strategic goal of sustainable develop-
ment in China. On the demand side, enterprises’ profits could not match the investment in
straw recycling [14], which leads to serious impediments to enterprise operation. Many
countries chose to grant government subsidies to promote the utilization rate of straw
energy [15,16]. But the problem is: what kind of subsidy policy can better promote the
utilization of straw energy?

In the current environment of carbon peaking and carbon neutrality goals and the
energy crisis, it is a matter of concern for all countries to promote the development of
biomass energy utilization through subsidy policies. This paper aims to analyze the
effectiveness of government subsidies in promoting biomass energy utilization and try to
find the most economically and environmentally beneficial subsidy policy for the supply
chain system.

Based on an investigation and interview with a biomass energy company in a northern
province of China, this paper constructs a straw recycling supply chain model consisting of
farmers, acquisition stations, power plants, and pyrolysis plants. Two commonly adopted
straw energy utilization technologies are considered in this research, namely power genera-
tion and pyrolysis. In consideration of the government subsidy policy of carbon reduction
and pollution reduction, the authors use the system dynamics approach, which could
contribute to a better understanding of the influence of a set of factors on the supply chain
system, to simulate and analyze the economic and environmental benefits of the straw
recycling supply chain under different government subsidy policy scenarios.

Exploring the optimal subsidy policy is a significant issue for enhancing the stickiness
of straw recycling enterprises and promoting sustainable economic and environmental
development. The main contribution of this paper lies in providing a theoretical reference
for government departments to formulate optimal subsidy policies that can promote the
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energy utilization of straw. In this study, we analyzed how government subsidies could
promote straw energy utilization. The result of the simulation indicates that straw power
generation or more environmentally friendly methods, such as pyrolysis, can enhance the
willingness of farmers to sell and enterprises’ recycling, and finally promote environmental
protection and green development.

The study consists of the following sections. A literature review is presented in
Section 2. The next section is for the main methodology and the system dynamics model.
The simulation results of the paper are presented in Section 4. Lastly, Section 5 provides the
conclusion and recommendations.

2. Literature Review

Scholars have conducted research on energy supply chains from the perspectives of
fossil energy supply chains such as coal [17], green supply chains [18], renewable energy
supply chains [19], and waste heat recovery energy supply chains [20]. As the concept
of a “green supply chain” has gained increasing attention in the pursuit of sustainable
development by enterprises globally, leading to the optimization of supply chain manage-
ment [21,22].

As the fourth largest energy source, biomass energy is becoming increasingly im-
portant in the energy system and has gradually become an important part of the energy
decarbonization strategy of many countries [23]. With the continuous evolution of sustain-
able development goals and low-carbon development goals, research on biomass energy
supply chains has also flourished in recent years [24]. As a promising renewable energy
source, biomass is currently utilized mainly for power generation and pyrolysis [25]. In
terms of power generation, the cost of biomass power generation is much lower than
the cost of other renewable energy sources and has the advantage of being renewable
and sustainable compared to other fossil energy sources, such as coal [26]. The use of
biomass for power generation can be traced back to the 1970s, i.e., after the first world
energy crisis, when Denmark actively developed renewable energy and first used straw for
power generation [27]. In recent years, with the increase in low-carbon and environmental
awareness, biomass power generation has received more and more attention from scholars
in various countries. Most studies focused on the development potential of biomass power
generation, mainly including feasibility studies [28], economic studies [29], and emission
reduction potential [30]. In terms of pyrolysis, biomass pyrolysis can effectively improve
biomass energy transformation with low environmental impact and has very promising
development potential [31]. Existing studies on biomass pyrolysis had mainly studied
straw [32,33] and other biomass energy sources [34] from a technical perspective, most of
which ignored the social value of pyrolysis plants as a member of the biomass supply chain.
One of the contributions of this paper is to consider both power plants and pyrolysis plants
as participants in the biomass supply chain and to study their effects on the benefits of the
supply chain system.

However, in the energy supply chain industry, biomass recycling enterprises, such as
power plants and pyrolysis plants, are facing high costs in various aspects, namely raw ma-
terial procurement [35], transportation [36], and business operation [37]. The gap between
cost and profit has become a key obstacle limiting the large-scale development of biomass
recycling enterprises [14]. Countries around the world are actively studying the correspond-
ing incentive systems to promote the development of biomass energy utilization, such as
tax incentives [38], investment incentives [39], and green subsidies [40,41]. Although green
subsidies can effectively reduce carbon emissions and promote the development of the
biomass energy utilization industry to a certain extent, their scope of application is broad
and not only applicable to biomass energy utilization enterprises. Therefore, this paper
selects subsidy policies that directly affect the supply chain of biomass energy utilization
for research. China also attached great importance to the role of incentive systems in
promoting the use of biomass for energy. Most of the studies on incentive systems by
Chinese scholars have focused on government subsidies. For example, Jiang et al. studied
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the optimal subsidy strategy when the government subsidizes each of the three members
by constructing a biomass supply chain model consisting of farmers, villagers’ committees,
and power plants [42]. Li et al. compared the effects of the harvesting subsidy policy and
the transportation subsidy policy on biomass supply chain members in China [43]. Liu et al.
analyzed different combinations of emission trading systems and investment subsidies
and simulated the development trend of biomass power generation [14]. Cai et al. found
that the amount of government subsidies was positively correlated with the amount of
biomass feedstock, but excessive subsidies might harm the reliability of the biomass supply
chain [44]. Yang et al. analyzed the impact of China’s energy tax subsidy policy on the
development of the biomass fuel industry [45]. Li et al. concluded that raw material costs
put a lot of pressure on the use of power plants and that electricity price subsidies can
help reduce the negative impact caused by high raw material costs [46]. In the study of
China’s subsidies for the biomass supply chain, previous studies tended to compare the
impact of subsidies on the biomass energy supply chain with or without subsidies and paid
less attention to how to optimize the subsidies to achieve better results. On this basis, this
paper refers to existing studies [14,47] and proposes three government subsidy policies:
unified rate policy, linear growth policy, and two-step policy to study the biomass energy
supply chain.

Straw production has strong seasonal characteristics [48]. Due to the vast size of China,
different types of crops are grown, and harvesting times differ in different regions. Straw is
available in all seasons of the year, but there are significant differences in the amount of
supply. Overall, China’s straw production is highest in September–October, accounting for
more than 50% of the annual straw production, and lowest in January–April [49]. Clearly,
the straw yield is constantly changing over the seasons, yet little attention has been paid to
seasonal differences in straw supply in previous relevant studies.

In the current environment of carbon peaking and carbon neutrality goals and the
energy crisis, it is a matter of concern for all countries to promote the development of
biomass energy utilization through subsidy policies. The aim of this paper is to analyze the
effectiveness of government subsidies in promoting biomass energy utilization and try to
find the most economically and environmentally beneficial subsidy policy for the supply
chain system. The system dynamics approach is able to show the long-term, dynamic
changes and trends of each link of the supply chain from a system perspective with limited
data. This approach has advantages in explaining the internal dynamic structure and
feedback mechanisms of complex systems. Therefore, it is widely used in supply chain
system modeling, such as electronic product supply chain systems [50], automotive supply
chain systems [51], construction supply chain systems [52], food supply chain systems [53],
pharmaceutical supply chain systems [54], etc. Similarly, it has also been widely used in
modeling energy supply chain systems [55–57]. However, few studies on government
subsidy policies for the biomass supply chain have used the system dynamics approach,
but the wide application of system dynamics methods in energy supply chain modeling
again shows the merits and feasibility of the approach. This study might provide a new
research perspective for research in this field.

Table 1 compares the most related studies with our work. Obviously, the problem of
how the straw recycling supply chain system benefits from using the system dynamics
approach has not been thoroughly studied. In this paper, we studied it, considered both
power plants and pyrolysis plants as components of the straw recycling supply chain, and
analyzed the economic and environmental benefits under different subsidy policies.
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Table 1. A summary of the most related studies.

Author [num] Supply Chain Biomass Power
Generation Biomass Pyrolysis Government

Subsidy Method

Liu et al. [14] No Yes No Yes System dynamics model
Ribeiro et al. [28] No Yes No No Evaluate
Daiem et al. [29] No Yes No No Evaluate

Yao et al. [30] No Yes No No Grey prediction model
and scenario analysis

Sui et al. [32] No No Yes No Experiment
Sun et al. [33] No No Yes No Experiment

Jiang et al. [42] Yes Yes No Yes Stackelberg game
Li et al. [43] Yes No No Yes Stackelberg game

Cai et al. [44] Yes No No Yes Evaluate

Yang et al. [45] No No No Yes Partial equilibrium
model

Li et al. [46] No Yes No Yes Game-theoretic

Liu et al. [47] Yes Yes No Yes
Multi-objective

optimization and system
dynamics model

Saavedra et al.
[55] Yes No No No System dynamics model

Cao et al. [56] Yes No No No System dynamics model
Roy et al. [57] Yes No No No System dynamics model

This study Yes Yes Yes Yes System dynamics model

3. Methodology

The research is based on a real case and data from an environmental company in
China. Taking straw as an example, the collection and treatment process of biomass
energy is analyzed. The supply chain model constructed consists of farmers, acquisition
stations, power plants, and pyrolysis plants. Farmers are responsible for producing and
harvesting straw, which is disposed of in two ways: by direct incineration and by selling it
to acquisition stations. The acquisition station is the centralized transfer center, responsible
for transporting the collected straw to the power plants and pyrolysis plants. The power
plants and pyrolysis plants are responsible for the final recycling of the straw, using it to
generate resources such as electricity and biochar-based fertilizer, which are then sold in
the market. A flow chart of the straw recycling supply chain is shown in Figure 1.
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Figure 1. Flow chart of the straw recycling supply chain. 

   

Figure 1. Flow chart of the straw recycling supply chain.
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3.1. System Dynamics Model

The system dynamics approach is mainly based on the elements’ causal relationships
and certain structures to analyze problems. It is not strict with data requirements and can
cope with the problems of insufficient data and the difficulty of quantifying data in the
modeling process. System dynamics is widely used in the study of the dynamics of supply
chain logistics, capital flow, and information flow processes such as inventory management
under different production modes in supply chain systems.

The basic causal relationships considered in the design of this model are as follows:
government subsidies can increase the income of the farmers, acquisition stations, power
plants, and pyrolysis plants, among which subsidies to the acquisition stations will in-
directly affect the unit price of straw for sale, thus increasing farmers’ profits, which in
turn makes farmers’ willingness to sell straw stronger than their willingness to directly
incinerate straw, thus increasing the rate of straw sales. The increase in farmers’ straw sales
will further promote a reduction in resource output and emissions from power plants and
pyrolysis plants. At the same time, the biochar-based fertilizer produced by the pyrolysis
plants can increase the total straw yield to a certain extent, thus increasing farmers’ income
and straw sales rate and improving the efficiency of straw energy utilization. The causal
relationship of the model is shown in Figure 2.

Systems 2023, 11, x FOR PEER REVIEW  2  of  10 
 

 

 

Figure 2. Causal loop diagram of the straw recycling supply chain. 

   

Figure 2. Causal loop diagram of the straw recycling supply chain.

Government subsidies promote straw energy utilization and improve the economic
and environmental benefits of the straw recycling supply chain system by subsidizing
acquisition stations, power plants, and pyrolysis plants, and this driving effect is shown in
the model as follows:

• government subsidies → + acquisition stations’ income →—acquisition unit price
→—farmers’ profit→ + farmers’ willingness to sell→ + farmers’ straw sales volume
→ + straw energy utilization.

• government subsidies→ + power plants’ income→ + electricity yield→—fossil fuel
consumption → + CO2 and pollution emission →—economic and environmental
benefits.

• government subsidies→ + pyrolysis plants’ income→ + biochar-based fertilizer yield
→—general fertilizer consumption→—economic and environmental benefits.
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• government subsidies→ + pyrolysis plants’ income→ + biochar-based fertilizer yield
→ + crop yield → + farmers’ profit → + farmers’ willingness to sell → + farmers’
straw sales volume→ + straw energy utilization.

The supply chain members involved in this model include farmers, acquisition sta-
tions, power plants, and pyrolysis plants. Indicators reflecting income include farmers’
income, purchasing stations’ income, power plants’ income, pyrolysis plants’ income, car-
bon emission reduction income, and pollution emission reduction income. The carbon
emission reduction income refers to the economic value of this amount of coal that can be
replaced in the trading market through the use of straw for power generation or pyrolysis;
the pollution emission reduction income refers to the pollutant treatment cost saved by
reducing the pollutant emissions through the reasonable use of straw. The system dynamics
model of the straw recycling supply chain is shown in Figure 3.
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Figure 3. Flow diagram of the straw recycling supply chain.

3.2. Scenario Setting

Promoting straw energy utilization not only reduces the consumption of other energy
resources but also reduces carbon and pollution emissions, so as to accelerate the construc-
tion of China’s agricultural ecological civilization. However, the high input and high-risk
characteristics of straw energy utilization require strong government subsidy support. As
an incentive measure, different government subsidies have different effects, and domestic
and foreign governments have had different subsidy policies for straw energy utilization
in recent years.

Therefore, we refer to related studies [12,37] and set three different subsidy policies for
the straw recycling supply chain while controlling for the same total subsidy amount. The
data mainly comes from enterprise consulting and literature research. In each (data1, data2)
of the equations, the data1 represents the amount of straw; its unit is tons, mainly from
enterprise consulting; the data2 represents the unit subsidy amount; its unit is (CNY/t) (in
particular, for the power plant subsidy, its unit is CNY/kwh), mainly from the literature [58].
And the relationship settings for data1 and data2 are also based on the literature [58]. The
curves of subsidies and specific equations for the three scenarios are shown in Table 2. (ASS:
acquisition station subsidy; PPS1: power plant subsidy; PPS2: pyrolysis plant subsidy.)
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Table 2. Design of three scenarios.

Scenario Name Curves of Subsidies Equation

Unified rate policy 1
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Scenario Name  Curves of Subsidies  Equation 

Unified rate policy 1 

 

ASS = with lookup (Farmers’ straw sales volume ([(0, 0)–(9000, 

50)], (2000, 50), (9000, 50))); 

PPS1 = with lookup (Purchase volume of power plants ([(0, 0)–

(7000, 1)], (1000, 0.25), (7000, 0.25))); 

PPS2 = with lookup (Purchase volume of pyrolysis plants ([(0, 

0)–(7000, 300)], (1000, 300), (7000, 300))). 

Linear growth policy 2 

 

ASS = with lookup (Farmers’ straw sales volume ([(0, 0)–

(9000,100)],(2000, 10),(2778, 20),(3556, 30),(4334, 40),(5112, 

50),(5890, 60),(6668, 70),(7446, 80),(8224, 90),(9000, 100))); 

PPS1 = with lookup (Purchase volume of power plants ([(0, 0)–

(7000, 1)], (1000, 0.05), (1667, 0.1), (2334, 0.15), (3001, 0.2), 

(3668, 0.25), (4335, 0.3), (5002, 0.35), (5669, 0.4), (6336, 0.45), 

(7000, 0.5))); 

PPS2 = with lookup (Purchase volume of pyrolysis plants ([(0, 

0)–(7000, 600)], (1000, 60), (1667, 120), (2334, 180), (3001, 240), 

(3668, 300), (4335, 360), (5002, 420), (5669, 480), (6336, 540), 

(7000, 600))). 

Two-step policy 3 

 

ASS =with lookup (Farmers’ straw sales volume ([(0, 0)–(9000, 

100)], (2000, 12.4), (2778, 22.8), (3556, 36.8), (4334, 48.4), (5112, 

62.4), (5890, 80), (6668, 65.5), (7446, 54.4), (8224, 44.8), (9000, 

33.2))); 

PPS1 = with lookup (Purchase volume of power plants ([(0, 0)–

(7000, 1)], (1000, 0.05), (1667, 0.1), (2334, 0.15), (3001, 0.2), 

(3668, 0.25), (4335, 0.3), (5002, 0.35), (5669, 0.4), (6336, 0.45), 

(7000, 0.5))); 

PPS2 = with lookup (Purchase volume of pyrolysis plants ([(0, 

0)–(7000, 600)], (1000, 74.4), (1667, 136.8), (2334, 220.8), (3001, 

290.4), (3668, 374.4), (4335, 480), (5002, 383), (5669, 326.4), 

(6336, 268.8), (7000, 199.2))). 
1 Government subsidies for acquisition stations, power plants, and pyrolysis plants are kept constant 

from month to month.2 Government subsidies to acquisition stations, power plants, and pyrolysis 

plants  increase as  their  straw purchases  increase.3 Government  subsidies  to acquisition  stations, 

power plants, and pyrolysis plants increase as their straw purchases increase and begin to decrease 

after reaching a certain level. 

 
   

ASS = with lookup (Farmers’ straw sales volume
([(0, 0)–(9000, 50)], (2000, 50), (9000, 50)));
PPS1 = with lookup (Purchase volume of power plants
([(0, 0)–(7000, 1)], (1000, 0.25), (7000, 0.25)));
PPS2 = with lookup (Purchase volume of pyrolysis plants
([(0, 0)–(7000, 300)], (1000, 300), (7000, 300))).

Linear growth policy 2

Systems 2023, 11, x FOR PEER REVIEW  2  of  3 
 

 

 
   

ASS = with lookup (Farmers’ straw sales volume
([(0, 0)–(9000,100)],(2000, 10),(2778, 20),(3556, 30),(4334,
40),(5112, 50),(5890, 60),(6668, 70),(7446, 80),(8224, 90),(9000,
100)));
PPS1 = with lookup (Purchase volume of power plants
([(0, 0)–(7000, 1)], (1000, 0.05), (1667, 0.1), (2334, 0.15), (3001,
0.2), (3668, 0.25), (4335, 0.3), (5002, 0.35), (5669, 0.4), (6336,
0.45), (7000, 0.5)));
PPS2 = with lookup (Purchase volume of pyrolysis plants
([(0, 0)–(7000, 600)], (1000, 60), (1667, 120), (2334, 180), (3001,
240), (3668, 300), (4335, 360), (5002, 420), (5669, 480), (6336,
540), (7000, 600))).

Two-step policy 3

Systems 2023, 11, x FOR PEER REVIEW  3  of  3 
 

 

 

ASS = with lookup (Farmers’ straw sales volume
([(0, 0)–(9000, 100)], (2000, 12.4), (2778, 22.8), (3556, 36.8),
(4334, 48.4), (5112, 62.4), (5890, 80), (6668, 65.5), (7446, 54.4),
(8224, 44.8), (9000, 33.2)));
PPS1 = with lookup (Purchase volume of power plants ([(0,
0)–(7000, 1)], (1000, 0.05), (1667, 0.1), (2334, 0.15), (3001, 0.2),
(3668, 0.25), (4335, 0.3), (5002, 0.35), (5669, 0.4), (6336, 0.45),
(7000, 0.5)));
PPS2 = with lookup (Purchase volume of pyrolysis plants
([(0, 0)–(7000, 600)], (1000, 74.4), (1667, 136.8), (2334, 220.8),
(3001, 290.4), (3668, 374.4), (4335, 480), (5002, 383), (5669,
326.4), (6336, 268.8), (7000, 199.2))).

1 Government subsidies for acquisition stations, power plants, and pyrolysis plants are kept constant from month
to month. 2 Government subsidies to acquisition stations, power plants, and pyrolysis plants increase as their
straw purchases increase. 3 Government subsidies to acquisition stations, power plants, and pyrolysis plants
increase as their straw purchases increase and begin to decrease after reaching a certain level.

4. Simulation
4.1. The Basic Data and Model Assumptions

The model in this paper is based on the following basic data and assumptions. Among
them, the basic data, which is the main input constant variable of the system dynamics
model, mostly comes from our research on news, literature, and corporations. The basic
data table is shown in Table 3.

Assumption 1: The government provides subsidies to both straw recycling enterprises,
i.e., power plants and pyrolysis plants.

Assumption 2: The total straw yield is affected by the seasons. Considering the
actual situation of crop harvesting in China, the straw yield is usually higher in the first
and third quarters and is relatively higher in the third quarter, so we set the straw yield
according to the harvesting pattern of the four seasons of the crop to reflect the influence of
seasonal factors.

Assumption 3: To show the change in straw yield in four seasons, we set the total
simulation time to 12 months (1 year).



Systems 2023, 11, 343 9 of 19

Assumption 4: Both the electricity and the biochar-based fertilizer generated in this
straw recycling supply chain system are fully utilized by the market, and farmers are
consumers of the biochar-based fertilizer.

Assumption 5: The distance from the acquisition stations to the farmers is short and
variable, set within 10 km; the distance from the acquisition stations to the power plants
and the pyrolysis plants is long and relatively fixed, set at about 50 km.

Table 3. The basic data.

Num Variable Name Values

1 Unit purchase cost of chemical fertilizer 2500 (CNY/t) 1

2 Unit crop income 2000 (CNY/t) 2

3 Unit primary processing cost 45 (CNY/t) 3

4 Unit collection cost 150 (CNY/t) 1

5 Power consumption rate of power plants 0.1 4

6 Unit pretreatment cost of pyrolysis 105 (CNY/t) 5

7 Recycling enterprise purchase unit price 230 (CNY/t) 5

8 Unit processing cost of acquisition stations 20 (CNY/t) 3

9 Unit transportation cost of acquisition stations 23 (CNY/t) 3

10 Transportation distance of acquisition stations RANDOM UNIFORM (1, 10, 0) + 50 (km) 5

11 Basic electricity price 0.5 (CNY/kwh) 3

12 Unit price of pollution treatment 2000 (CNY/t) 5

13 Biochar-based fertilizer unit pollution emission
reduction rate 0.0636 5

14 Unit carbon emission reduction rate of
biochar-based fertilizer 1.28 6

15 Conversion rate of biochar-based fertilizer 0.3 5

16 Power conversion rate 1 5

17 Unit pretreatment cost of power plants 45 (CNY/t) 5

18 Pollution reduction rate per unit power
generation of power plants 0.0159 7

19 Carbon emission reduction rate per unit power
generation of power plants 0.6 5

20 Carbon unit price 58 (CNY/t) 8

21 Carbon emission factors of freight vehicles 0.141 (kg/t × km) 4

1 This data comes from the website “https://jiage.cngold.org/huafei/ (accessed on 10 January 2022)”. 2 This
data comes from the website “https://news.cnhnb.com/zixun/detail/420613/ (accessed on 10 January 2022)”.
3 This data from Ref. [59]. 4 This data from Ref. [58]. 5 This data comes from the cooperating companies,
Yunnan Water Investment Limited Corporation, Kunming, China. 6 This data comes from the website “http:
//gjdxkjy.neau.edu.cn/info/1021/1161.htm (accessed on 10 January 2022)”. 7 This data comes from the website
“http://www.tanjiaoyi.com/article-3599-1.html (accessed on 10 January 2022)”. 8 This data comes from the
website “http://www.tanjiaoyi.com/article-36553-1.html (accessed on 10 January 2022)”.

4.2. Determine the Proportion

In this model, power plants and pyrolysis plants are treated as straw recycling en-
terprises, and the overall benefits of the supply chain are compared and analyzed when
the straw acquisition proportions of power plants and pyrolysis plants are 0.2:0.8, 0.5:0.5,
and 0.8:0.2, respectively. The total benefit is composed of the variables “total income from
emission reduction” and “total profits”. The environmental benefits of the supply chain are
represented by the variable “total income from emission reduction”, which is composed
of the variables “cumulative income from carbon emission reduction” and “cumulative
income from pollution emission reduction”. The economic benefits of the supply chain are
represented by the variable “total profits”, which is composed of the variables “cumulative
profits of farmers”, “cumulative profits of acquisition stations”, “cumulative profits of
power plants” and “cumulative profits of pyrolysis plants”.

Each scenario is set as follows: S2-8 indicates power plant acquisition volume: py-
rolysis plant acquisition volume = 0.2:0.8; S5-5 indicates power plant acquisition volume:

https://jiage.cngold.org/huafei/
https://news.cnhnb.com/zixun/detail/420613/
http://gjdxkjy.neau.edu.cn/info/1021/1161.htm
http://gjdxkjy.neau.edu.cn/info/1021/1161.htm
http://www.tanjiaoyi.com/article-3599-1.html
http://www.tanjiaoyi.com/article-36553-1.html
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pyrolysis plant acquisition volume = 0.5:0.5; S8-2 indicates power plant acquisition volume:
pyrolysis plant acquisition volume = 0.8:0.2.

Figure 4 shows the total benefits of the supply chain under the three straw acquisition
proportions of power plants and pyrolysis plants, all of which show an increasing trend.
The total benefits under scenario S2-8 are significantly higher than the other two scenarios.
It can be seen that the total benefits of the supply chain increase with the increase in
pyrolysis plant acquisition volume.
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Figure 4. Total economic and environmental benefits under three proportions.

From the above simulation results, we can see that the role of power plants in the straw
recycling supply chain is relatively weak in both economic and environmental aspects, and
the proportion of straw acquisition is more favorable to the straw recycling supply chain
under scenario S2-8. Therefore, we set the indicated power plant acquisition volume and
pyrolysis plant acquisition volume at 0.2:0.8 and analyzed the government subsidy policy
based on this proportion.

4.3. Optimal Subsidy Policy

In this paper, the variables “cumulative income from carbon emission reduction”,
“cumulative income from pollution emission reduction”, and “total income from emission
reduction” are chosen to analyze the optimal subsidy policy that can effectively promote
straw energy utilization and improve environmental benefits. The variables “cumulative
profit of farmers”, “cumulative profit of acquisition stations”, “cumulative profit of power
plants”, “cumulative profit of pyrolysis plants”, and “total profit” are chosen to analyze the
optimal subsidy policy that can effectively enhance the motivation of each member of the
supply chain for straw energy utilization and improve economic efficiency.

Each scenario is set as follows: S0 denotes the baseline scenario with no subsidy;
S1 denotes the unified rate policy; S2 denotes the linear growth policy; and S3 denotes the
two-step policy.

4.3.1. Environmental Benefits of Straw Recycling Supply Chain

Figure 5a shows the trend of the cumulative income from carbon emission reduction in
the straw recycling supply chain under the three different government subsidy policies. It
can be seen that the cumulative income under all three subsidy policies shows an increasing
trend over time and is higher than the scenario without subsidies. The cumulative income
under the unified rate policy is the highest at the end of the year, 8.50% higher than



Systems 2023, 11, 343 11 of 19

those under the linear growth policy and 11.85% higher than those under the two-step
policy. In other words, the unified rate subsidy can maximize the benefits of carbon
emission reduction.
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Figure 5. Cumulative income from carbon and pollution emission reduction under three subsidy
scenarios: (a) Cumulative income from carbon emission reduction; (b) Cumulative income from
pollution emission reduction.

Figure 5b shows the trend of cumulative income from pollution emission reduction
in the straw recycling supply chain under three different government subsidy policies.
The cumulative income under all three subsidy policies shows an increasing trend over
time and is higher than the scenario without subsidies. The cumulative income under the
unified rate policy is the highest at the end of the year, 8.24% higher than those under the
linear growth policy and 12.34% higher than those under the two-step policy. In other
words, the unified rate subsidy can maximize the benefits of pollution emission reduction.

Figure 6 shows the trend of total income from emission reduction in the straw recycling
supply chain under three different government subsidy policies. It can be seen that the
total income under all three subsidy policies shows an increasing trend over time and is
higher than the scenario without subsidies. Since the total income from emission reduction
consists of the cumulative income from carbon and pollution emission reduction, and
the cumulative income from carbon and pollution emission reduction shows the same
trend under the three subsidy policies, the total income from emission reduction must be
consistent with the changing trend of both, i.e., the total income is highest under the unified
rate policy, 8.30% higher than those under the linear growth policy, and 12.23% higher
than those under the two-step policy. Accordingly, the unified rate policy can enhance the
overall environmental benefits of the straw recycling supply chain system more effectively.

4.3.2. Economic Benefits of Straw Recycling Supply Chain

Figure 7a shows the trend of cumulative profits for farmers under three different
government subsidy policies in the straw recycling supply chain. It can be seen that the
cumulative profits of farmers under all three subsidy policies show an increasing trend
over time and are higher than the scenario without subsidies. In the first three quarters, the
cumulative profits of farmers under the unified rate policy were the highest, and the profits
under the linear growth policy were the lowest. Since farmers’ profits are directly related
to straw yield, which is the highest in the fourth quarter, and the amount of subsidies
under the linear growth policy is positively related to straw yield, when straw yield is high,
subsidies are also high, so the fourth quarter becomes the fastest growing period for farmers’
profits. As a result of the high-profit growth in the fourth quarter, the cumulative profit of
farmers under the linear growth subsidy policy began to exceed the other two scenarios in
the fourth quarter. The cumulative profit of farmers under the linear growth policy was the
highest at the end of the year, 8.65% higher compared to the unified rate policy and 60.78%
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higher compared to the two-step policy. Therefore, the linear growth policy has the best
effect on improving farmers’ income and motivation for straw energy utilization.
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Figure 6. Total income from emission reduction under three subsidy scenarios.
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Figure 7. Cumulative profits of each supply chain member under three subsidy scenarios: (a) Cu-
mulative profits for farmers under three subsidy scenarios; (b) Cumulative profits of the acquisition
stations under three subsidy scenarios; (c) Cumulative profit of power plants under three subsidy
scenarios; (d) Cumulative profits of pyrolysis plants under three subsidy scenarios.
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Figure 7b shows the trend of cumulative profits of the acquisition stations under three
different government subsidy policies in the straw recycling supply chain. The cumulative
profits of the acquisition stations under all three subsidy policies show an increasing trend
over time and are higher than in the scenario without subsidies. The cumulative profit of
the acquisition stations under the unified rate policy is the highest at the end of the year,
8.24% higher compared to the linear growth policy and 12.34% higher compared to the
two-step policy.

Figure 7c shows the trend of cumulative profit of power plants under three different
government subsidy policies in the straw recycling supply chain. The cumulative profits
of power plants under all three subsidy policies show an increasing trend over time and
are higher than the scenario without subsidies. In terms of cumulative profits at the end of
the year, the advantage of the unified rate policy is very obvious, with cumulative profits
218.73% higher compared to the linear growth policy and 230.88% higher compared to the
two-step policy. Therefore, for power plants, the unified rate policy can help them obtain
the highest economic benefits. There are no significant differences between the cumulative
profits of power plants under the two-step subsidy policy and the linear growth policy.

Figure 7d shows the trend of cumulative profits of pyrolysis plants under three
different government subsidy policies in the straw recycling supply chain. It can be seen
that the cumulative profits of pyrolysis plants under all three subsidy policies show an
increasing trend over time and are higher than the scenario without subsidies. The trend of
the cumulative profit of pyrolysis plants is similar to that of the cumulative profit of farmers
because there is a positive feedback relationship between pyrolysis plants and farmers to
promote each other. The positive feedback relationship is that the biochar-based fertilizer
produced by the pyrolysis plant can increase the crop yield, which can increase the straw
yield and farmers’ profit, and the amount of straw that can be handled by the pyrolysis
plant and its profit also increases. In the first 11 months, the cumulative profit of pyrolysis
plants was the highest under the unified rate policy. But in the end, the cumulative profits
of pyrolysis plants under the linear growth policy began to exceed those of the other two
scenarios. The cumulative profit of pyrolysis plants under the linear growth policy is the
highest at the end of the year, 2.47% higher compared to the unified rate policy and 25.11%
higher compared to the two-step policy. Therefore, for pyrolysis plants, the linear growth
policy can help them obtain the highest economic benefits.

Figure 8 shows the trend of total profit of the supply chain under three different
government subsidy policies in the straw recycling supply chain. It can be seen that
the total profit under all three subsidy policies shows an increasing trend over time and
is higher than the scenario without subsidies. The total profits are highest under the
unified rate policy, 0.79% higher than those under the linear growth policy and 31.98%
higher than those under the two-step policy. Among the four components of total profit,
farmers and pyrolysis plants have the highest profit under the linear growth policy, while
acquisition stations and power plants have the highest profit under the unified rate policy.
Comparing the year-end cumulative profits under the optimal policies of each component,
the cumulative profits of pyrolysis plants are 4.41 times higher than the cumulative profits
of farmers, 67.34 times higher than the cumulative profits of acquisition stations, and
11.78 times higher than the cumulative profits of power plants. The cumulative profits
of pyrolysis plants are significantly higher than the other three, so the total profits are
influenced more by the profits of pyrolysis plants and show a similar trend as the profits of
pyrolysis plants. Meanwhile, the advantage of the unified rate policy in the cumulative
profits of power plants is prominent, while the profit performance of the other three
members under the three subsidy policies has a relatively small gap. Under the combined
effect of these factors, the total profit of the supply chain finally shows a higher profit
under the unified rate policy and a relatively lower total profit under the other two subsidy
policies. It can be seen that the unified rate policy can more effectively improve the overall
economic efficiency of the straw recycling supply chain system.
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Figure 8. Total profits under three subsidy scenarios.

4.3.3. Economic Benefits of Straw Recycling Supply Chain

The result shows that with the government subsidy, the carbon emission and pollution
emissions reduction benefits are higher than that of the scenario with no subsidy. Since
the composition of carbon emission benefits and pollution emission benefits is similar in
this model, which is directly related to electricity generation and biochar-based fertilizer
yield, both benefits have the same trend under the three subsidy policies with no significant
difference. The detailed emission reduction benefits of each component and the total
emission reduction benefits under each scenario are shown in Figure 9.
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Figure 9. Income of carbon and pollution emission reduction and total of both.

The authors also find that, compared to the scenario with no subsidies, each member’s
cumulative profits are greater with any kind of subsidy policy, and the total profits are
the greatest under the scenario of the unified rate policy. However, when it comes to each
member’s cumulative profits, the unified rate policy is not always the best option. The
cumulative profits of farmers and pyrolysis plants are higher under the linear growth
policy, and the cumulative profits of power plants and acquisition stations are higher under
the unified rate policy. Therefore, for countries that need to vigorously develop the biomass
energy pyrolysis industry, the linear growth subsidy policy can effectively support the
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development of pyrolysis enterprises and greatly enhance farmers’ willingness to collect
and sell straw. The profits of each component and the total profits under the three subsidy
policies are shown in Figure 10.
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5. Conclusions

This paper analyzes the impact of government subsidies on biomass energy utilization
through a real-world case. Taking straw as an example, a supply chain system dynamics
model is constructed to analyze the economic and environmental benefits under different
government subsidy policies. The results show that all three types of subsidies have a
beneficial effect on the economic and environmental benefits of the straw recycling supply
chain system. In other words, government subsidies can promote the development of straw
energy utilization. For some countries that have not yet adopted any government subsidies
for the biomass energy utilization industry, this conclusion could be a reference. These
countries may have some similarities with China in some aspects, such as being agricultural
production countries with abundant straw resources and a large quantity but currently
unable to effectively utilize them; due to historical factors, technological limitations, or
other reasons, it may not be possible to use straw in a lower-cost or intensive manner;
taking the energy utilization of straw as a part of the overall development strategy requires
the vigorous development of the straw recycling supply chain.

This research also analyzes the effectiveness of each subsidy policy from two perspec-
tives, namely the environmental benefit and the economic benefit. The simulation results
show that both the economic and environmental benefits of the supply chain are proven to
be optimal under the unified rate policy. Therefore, it might be concluded that the unified
rate policy plays a more powerful role in promoting the development of straw energy
utilization. In this research, the environmental benefit is reflected by two indicators: carbon
emission reduction benefits and pollution emission reduction benefits. Both indicators
have a better performance under the unified rate policy. This indicates that this policy
should be adopted by the government, which is struggling with environmental problems.
The economic benefits are reflected in the total profits of the supply chain system. The
simulation results show that the unified rate policy is better for the economic benefits of
the straw recycling supply chain. However, if the government is more inclined to promote
the development of straw pyrolysis and considers subsidy policies as a motivation method,
the linear growth subsidy policy might be the best option.

Since the effect of seasonal factors is considered in the model, this brought unexpected
gains to our study. We find that although the total profits show an increasing trend with
the extension of simulation time, the yield of straw was different in the four quarters due
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to the seasonal characteristics. This difference in yield is shown as follows: the most straw
was produced in the fourth quarter, followed by the third quarter, and the least in the first
and second quarters, with no significant difference. Each income in the straw recycling
supply chain system can ultimately be considered to originate from the straw at the source.
Therefore, the rate of income increase, similar to the straw yield, exhibits the same pattern
of seasonal variation.

Moreover, based on the preliminary investigation of the current status of straw energy
utilization development and the research conclusions in this paper, we propose some policy
recommendations for the government on specific assistance to members of the supply chain.

(1) For farmers, it is an effective and necessary way for the government to restrict
farmers’ behavior of incinerating straw through laws and regulations. Although China
reached the goal of an 80% comprehensive utilization rate of straw in 2015, at the same
time, 8.89% of straw was still disposed of through open incineration, resulting in resource
waste and environmental pollution. The promotion of China’s straw incinerating ban
policy has effectively avoided these negative impacts while improving the comprehensive
utilization rate of straw. The government should also strengthen the policy propaganda
while implementing the straw incinerating ban policy. This can improve farmers’ awareness
of resource conservation and environmental protection and make them understand the
benefits of straw utilization to increase crop yields, income, and environmental protection.

(2) For the acquisition stations, the most important thing is that the government needs
to regulate its purchase price from a macro perspective. Earning profits is not the main
purpose of the acquisition station. The key is to determine the price that can improve
farmers’ enthusiasm for straw energy utilization. In addition, a reasonable storage layout
and straw collection methods are also issues that need attention at the acquisition station.

(3) For the recycling enterprises, also known as power plants and pyrolysis plants in
this paper, they play key roles in eventually transforming agricultural waste into energy.
From the front of the supply chain, these enterprises play the role of saving resources and
avoiding environmental pollution caused by improper methods such as incineration. From
the back end of the supply chain, the electricity and biochar-based fertilizer produced by
these enterprises can reduce the consumption of fossil fuels and general fertilizers, thus
playing a positive role in promoting the current goals of green development and energy
structure transformation. The biggest obstacle currently faced in the positive cycle of straw
energy utilization is the cost–benefit mismatch of enterprises, which can directly lead to the
inability of straw recycling enterprises to form large-scale developments. Therefore, the
intervention of government subsidies is very necessary. However, in the long run, the gov-
ernment should not only provide subsidies but also play a supervisory and guiding role in
straw recycling enterprises so that they can achieve sustainable, high-quality development
through innovation in business methods and upgrading of production equipment.

However, there are still some limitations in this study, and future studies can be
conducted from these perspectives to make further improvements. The findings of this
paper identify the most beneficial subsidy policies for the development of the biomass
energization industry. However, in the long run, government subsidies also need to be
considered in combination with other incentives and policy instruments in order to induce
companies to achieve sustainable, high-quality development. In future research, scholars
could take the perishable nature of straw and the inventory management pressure it brings
into consideration and construct a more complicated yet more realistic model. Furthermore,
this study is based on an idealized scenario where the promotion process of subsidy policies
is very smooth. But in practice, the publicity effect or implementation progress of the sub-
sidy policy may not be so smooth. If farmers cannot receive the information that subsidies
will bring benefits, it will significantly affect the sales rate of straw, thereby affecting the
efficiency of straw energy utilization. Therefore, how to strengthen the information chain
about government subsidies among farmers is also an important research issue.



Systems 2023, 11, 343 17 of 19

Author Contributions: Conceptualization, L.Y. and J.W.; methodology, J.S. and W.L.; software, J.S.
and L.S.; validation, W.Z. and J.W.; data curation, L.Y. and W.L.; writing—original draft preparation,
L.Y., J.S., W.L. and W.Z.; writing—review and editing, J.S. and L.S.; supervision, L.Y. and J.W.; funding
acquisition, L.Y. and J.W. All authors have read and agreed to the published version of the manuscript.

Funding: This research was partially supported by National Social Science Fundation of China (No.
22BGL111) and the Funds for First-class Discipline Construction (XK1802-5).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available on request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kadłubek, M.; Thalassinos, E.; Domagała, J.; Grabowska, S.; Saniuk, S. Intelligent Transportation System Applications and

Logistics Resources for Logistics Customer Service in Road Freight Transport Enterprises. Energies 2022, 15, 4668. [CrossRef]
2. National Energy Administration. Strategic Focus on China’s Low-Carbon Energy Development in the Future. Available online:

http://www.nea.gov.cn/2011-08/17/c_131084109.htm (accessed on 20 March 2023).
3. Rijal, P.; Carvalho, H.; Matias, J.; Azevedo, S.G.; Pimentel, C. Towards a Conceptual Framework for Agroforestry Residual

Biomass Sustainable Business Models. In Proceedings of the Quality Innovation and Sustainability, Aveiro, Portugal, 3–4 May
2022; pp. 211–221.

4. Tazzit, S.; Ibne Hossain, N.U.; Nur, F.; Elakramine, F.; Jaradat, R.; Amrani, S.E. Selecting a Biomass Pelleting Processing Depot
Using a Data Driven Decision-Making Approach. Systems 2021, 9, 32. [CrossRef]

5. The Central People’s Government of the People’s Republic of China. Work Plan for Construction of Biomass Power Generation
Project in 2021. Available online: http://www.gov.cn/zhengce/zhengceku/2021-08/19/content_5632087.htm (accessed on 20
March 2023).

6. An Official Website of the European Union. Repowereu: A Plan to Rapidly Reduce Dependence on Russian Fossil Fuels and Fast
Forward the Green Transition. Available online: https://ec.europa.eu/commission/presscorner/detail/en/ip_22_3131 (accessed
on 20 March 2023).

7. Jilin Province. Production Project of 10,000 Tons of Straw Biomass Fuel and 10,000 Tons of Straw Biochemical Protein Feed in
Songyuan City. Available online: http://www.jl.gov.cn/szfzt/tzcj/zdxm/syhgcylxm/202205/t20220507_8444342.html (accessed
on 20 March 2023).

8. Yang, C.W.; Xing, F.; Zhu, J.C.; Li, R.H.; Zhang, Z.Q. Temporal and Spatial Distribution, Utilization Status and Carbon Emission
Reduction Potential of Straw Resources in China. Chin. J. Environ. Sci. 2023, 44, 1149–1162.

9. The Central People’s Government of the People’s Republic of China. Report on Crop Straw Comprehensive Utilization in China.
Available online: http://www.gov.cn/xinwen/2022-10/10/content_5717116.htm (accessed on 20 March 2023).

10. Song, C.J.; Xu, B.J.; Xu, L. Environmental Certification Schemes Based on Political Ecology: Case Study on Urban Agricultural
Farmers in Bandung Metropolitan Area, Indonesia. J. Urban Dev. Manag. 2022, 1, 67–75.

11. Wang, H.Y.; Wang, F.; Sun, R.H.; Gao, C.Y.; Wang, Y.J.; Sun, N.; Wang, L.; Bi, Y.Y. Policies and Regulation of Crop Straw Utilization
of Foreign Counties and Its Experience and Inspiration for China. Trans. Chin. Soc. Agric. Eng. 2016, 32, 216–222.

12. Tencent Net. Biomass Waste Treatment and Carbon Neutrality in Agriculture. Available online: https://new.qq.com/rain/a/20
211212a0134400 (accessed on 20 March 2023).

13. Xinhuanet. “Through the Fire”: Reporters Probe the Straw Incineration in the Fields of Heilongjiang. Available online: http:
//www.xinhuanet.com/local/2021-04/14/c_1127329165.htm (accessed on 20 March 2023).

14. Liu, D.; Liu, M.; Xiao, B.; Guo, X.; Niu, D.; Qin, G.; Jia, H. Exploring Biomass Power Generation’s Development under Encouraged
Policies in China. J. Clean. Prod. 2020, 258, 120786. [CrossRef]

15. Development Net. Enlightenment of German Electricity Price Mechanism to China. Available online: http://special.
chinadevelopment.com.cn/ztbd/2021zt/nyaqbg/2022/01/1763986.shtml (accessed on 20 March 2023).

16. Science Net. The Swedish Experience of Biomass Utilization. Available online: https://news.sciencenet.cn/sbhtmlnews/2010/3
/230108.html (accessed on 20 March 2023).

17. Ghadimi, P.; Wang, C.; Azadnia, A.H.; Lim, M.K.; Sutherland, J.W. Life Cycle-based Environmental Performance Indicator for The
Coal-to-energy Supply Chain: A Chinese Case Application. Resour. Conserv. Recycl. 2019, 147, 28–38. [CrossRef]

18. Lam, H.L.; Ng, W.P.Q.; Ng, R.T.L.; Ng, E.H.; Aziz, M.K.A.; Ng, D.K.S. Green Strategy for Sustainable Waste-to-energy Supply
Chain. Energy 2013, 57, 4–16. [CrossRef]

19. Lingcheng, K.; Zhenning, Z.; Jiaping, X.; Jing, L.; Yuping, C. Multilateral Agreement Contract Optimization of Renewable Energy
Power Grid-connecting under Uncertain Supply and Market Demand. Comput. Ind. Eng. 2019, 135, 689–701. [CrossRef]

20. Yang, J.; Zhang, Z.; Hong, M.; Yang, M.; Chen, J. An Oligarchy Game Model for The Mobile Waste Heat Recovery Energy Supply
Chain. Energy 2020, 210, 118548. [CrossRef]

https://doi.org/10.3390/en15134668
http://www.nea.gov.cn/2011-08/17/c_131084109.htm
https://doi.org/10.3390/systems9020032
http://www.gov.cn/zhengce/zhengceku/2021-08/19/content_5632087.htm
https://ec.europa.eu/commission/presscorner/detail/en/ip_22_3131
http://www.jl.gov.cn/szfzt/tzcj/zdxm/syhgcylxm/202205/t20220507_8444342.html
http://www.gov.cn/xinwen/2022-10/10/content_5717116.htm
https://new.qq.com/rain/a/20211212a0134400
https://new.qq.com/rain/a/20211212a0134400
http://www.xinhuanet.com/local/2021-04/14/c_1127329165.htm
http://www.xinhuanet.com/local/2021-04/14/c_1127329165.htm
https://doi.org/10.1016/j.jclepro.2020.120786
http://special.chinadevelopment.com.cn/ztbd/2021zt/nyaqbg/2022/01/1763986.shtml
http://special.chinadevelopment.com.cn/ztbd/2021zt/nyaqbg/2022/01/1763986.shtml
https://news.sciencenet.cn/sbhtmlnews/2010/3/230108.html
https://news.sciencenet.cn/sbhtmlnews/2010/3/230108.html
https://doi.org/10.1016/j.resconrec.2019.04.021
https://doi.org/10.1016/j.energy.2013.01.032
https://doi.org/10.1016/j.cie.2019.06.016
https://doi.org/10.1016/j.energy.2020.118548


Systems 2023, 11, 343 18 of 19

21. Song, C.J.; Xu, B.J.; Xu, L. Dual-Channel Supply Chain Pricing Decisions for Low-carbon Consumers: A Review. J. Intell Manag.
Decis. 2023, 2, 57–65. [CrossRef]

22. Guo, F.F.; Wu, Z.; Liu, C.J.; Fu, W.S.; Du, J.Q. Operation Strategies of Green Supply Chain Members with Short-Sighted and
Far-Sighted Behavior: A Differential Game Theory Approach. J. Green Econ. Low-Carbon Dev. 2023, 2, 49–57. [CrossRef]

23. Welfle, A.; Thornley, P.; Röder, M. A Review of the Role of Bioenergy Modelling in Renewable Energy Research & Policy
Development. Biomass Bioenergy 2020, 136, 105542.

24. Azevedo, S.G.; Santos, M.; Antón, J.R. Supply Chain of Renewable Energy: A Bibliometric Review Approach. Biomass Bioenergy
2019, 126, 70–83. [CrossRef]

25. Uddin, M.N.; Techato, K.; Taweekun, J.; Rahman, M.M.; Rasul, M.G.; Mahlia, T.M.I.; Ashrafur, S.M. An Overview of Recent
Developments in Biomass Pyrolysis Technologies. Energies 2018, 11, 3115. [CrossRef]

26. Logeswaran, J.; Shamsuddin, A.H.; Silitonga, A.S.; Mahlia, T.M.I. Prospect of Using Rice Straw for Power Generation: A Review.
Environ. Sci. Pollut. Res. 2020, 27, 25956–25969. [CrossRef]

27. Lin, W.; Song, W. Power Production from Biomass in Denmark. J. Fuel Chem. Technol. 2005, 33, 650–655.
28. Ribeiro, A.P.; Rode, M. Residual Biomass Energy Potential: Perspectives in A Peripheral Region in Brazil. Clean Technol. Environ.

Policy 2019, 21, 733–744. [CrossRef]
29. Daiem, M.M.A.; Said, N. Energetic, Economic, and Environmental Perspectives of Power Generation from Residual Biomass in

Saudi Arabia. Alex. Eng. J. 2022, 61, 3351–3364. [CrossRef]
30. Yao, X.; Guo, Z.; Liu, Y.J.; Feng, W.; Lei, H.; Gao, Y. Reduction Potential of GHG Emissions from Municipal Solid Waste Incineration

for Power Generation in Beijing. J. Clean. Prod. 2019, 241, 118283. [CrossRef]
31. Aguirre, F.; Lobos, M.L.N.; Basto, M.A.L.; Teruel, M.A.; Moyano, E.L.; Blanco, M.B. Volatile Organic Compounds Released

during the Fast Pyrolysis of Peanut Shells and Environmental Implications. Bull. Environ. Contam. Toxicol. 2022, 108, 1139–1146.
[CrossRef]

32. Sui, F.; Jiao, M.; Kang, Y.; Joseph, S.; Li, L.; Bian, R.; Munroe, P.; Mitchell, D.R.G.; Pan, G. Investigating the Cadmium Adsorption
Capacities of Crop Straw Biochars Produced Using Various Feedstocks and Pyrolysis Temperatures. Environ. Sci. Pollut. Res.
2021, 28, 21516–21527. [CrossRef]

33. Sun, H.; Feng, D.; Sun, S.; Zhao, Y.; Zhang, L.; Chang, G.; Guo, Q.; Wu, J.; Qin, Y. Effect of Acid Washing and K/Ca Loading on
Corn Straw with the Characteristics of Gas-Solid Products during Its Pyrolysis. Biomass Bioenergy 2022, 165, 106569. [CrossRef]

34. Aravind, S.; Kumar, P.S.; Kumar, N.S.; Siddarth, N. Conversion of Green Algal Biomass into Bioenergy by Pyrolysis. A Review.
Environ. Chem. Lett. 2020, 18, 829–849. [CrossRef]

35. Domingues, J.P.; Pelletier, C.; Brunelle, T. Cost of Ligno-Cellulosic Biomass Production for Bioenergy: A Review in 45 Countries.
Biomass Bioenergy 2022, 165, 106583. [CrossRef]

36. Sperandio, G.; Acampora, A.; Civitarese, V.; Bajocco, S.; Bascietto, M. Transport Cost Estimation Model of the Agroforestry
Biomass in A Small-scale Energy Chain. Forests 2021, 12, 158. [CrossRef]

37. Murele, O.C.; Zulkafli, N.I.; Kopanos, G.; Hart, P.; Hanak, D.P. Integrating Biomass into Energy Supply Chain Networks. J. Clean.
Prod. 2020, 248, 119246. [CrossRef]

38. Broughel, A.E. Impact of State Policies on Generating Capacity for Production of Electricity and Combined Heat and Power from
Forest Biomass in The United States. Renew. Energy 2019, 134, 1163–1172. [CrossRef]

39. Amini, S.; Bahramara, S.; Golpîra, H.; Francois, B.; Soares, J. Techno-Economic Analysis of Renewable-Energy-Based Micro-Grids
Considering Incentive Policies. Energies 2022, 15, 8285. [CrossRef]

40. Xu, C.; Wang, C.; Huang, R. Impacts of Horizontal Integration on Social Welfare under The Interaction of Carbon Tax and Green
Subsidies. Int. J. Prod. Econ. 2020, 222, 107506. [CrossRef]

41. Hussain, J.; Lee, C.C.; Chen, Y. Optimal Green Technology Investment and Emission Reduction in Emissions Generating
Companies under The Support of Green Bond and Subsidy. Technol. Forecast Soc. 2022, 183, 121952. [CrossRef]

42. Jiang, Z.Z.; He, N.; Xiao, L.; Sheng, Y. Government Subsidy Provision in Biomass Energy Supply Chains. Enterp. Inf. Syst. 2019,
13, 1367–1391. [CrossRef]

43. Li, Y.; Lin, J. The Impact of Subsidy Polices on Biomass Utilization—From the Perspective of Biomass Supply Chain. Syst. Eng.
2015, 33, 68–73.

44. Cai, Z.G.; Ye, F.; Xie, Z.F.; Zhang, L.; Cui, T. The Choice of Cooperation Mode in the Bioenergy Supply Chain with Random
Biomass Feedstock Yield. J. Clean. Prod. 2021, 311, 127587. [CrossRef]

45. Yang, H.; Bai, Y.; Guo, J.; Zeng, Z.; Mi, F. Does Energy Tax Subsidy Policy Promote the Development of the Biomass Energy
Industry? A Case of Densified Biomass Fuel Industry in China. Energy Rep. 2022, 8, 6887–6900. [CrossRef]

46. Li, Y.; Lin, J.; Qian, Y.; Li, D. Feed-in Tariff Policy for Biomass Power Generation: Incorporating the Feedstock Acquisition Process.
Eur. J. Oper. Res. 2023, 304, 1113–1132. [CrossRef]

47. Liu, Y.; Zhao, R.; Wu, K.J.; Huang, T.; Chiu, A.S.F.; Cai, C. A Hybrid of Multi-Objective Optimization and System Dynamics
Simulation for Straw-to-Electricity Supply Chain Management under the Belt and Road Initiatives. Sustainability 2018, 10, 868.
[CrossRef]

48. Nunes, L.J.R.; Causer, T.P.; Ciolkosz, D. Biomass for Energy: A Review on Supply Chain Management Models. Renew. Sustain.
Energy Rev. 2020, 120, 109658. [CrossRef]

https://doi.org/10.56578/jimd020202
https://doi.org/10.56578/jgelcd020201
https://doi.org/10.1016/j.biombioe.2019.04.022
https://doi.org/10.3390/en11113115
https://doi.org/10.1007/s11356-020-09102-7
https://doi.org/10.1007/s10098-019-01675-3
https://doi.org/10.1016/j.aej.2021.08.049
https://doi.org/10.1016/j.jclepro.2019.118283
https://doi.org/10.1007/s00128-022-03481-y
https://doi.org/10.1007/s11356-020-11979-3
https://doi.org/10.1016/j.biombioe.2022.106569
https://doi.org/10.1007/s10311-020-00990-2
https://doi.org/10.1016/j.biombioe.2022.106583
https://doi.org/10.3390/f12020158
https://doi.org/10.1016/j.jclepro.2019.119246
https://doi.org/10.1016/j.renene.2018.09.058
https://doi.org/10.3390/en15218285
https://doi.org/10.1016/j.ijpe.2019.09.027
https://doi.org/10.1016/j.techfore.2022.121952
https://doi.org/10.1080/17517575.2019.1658807
https://doi.org/10.1016/j.jclepro.2021.127587
https://doi.org/10.1016/j.egyr.2022.04.080
https://doi.org/10.1016/j.ejor.2022.05.011
https://doi.org/10.3390/su10030868
https://doi.org/10.1016/j.rser.2019.109658


Systems 2023, 11, 343 19 of 19

49. Liu, Z.; Wang, S.; Ouyang, Y. Reliable Biomass Supply Chain Design under Feedstock Seasonality and Probabilistic Facility
Disruptions. Energies 2017, 10, 1895. [CrossRef]

50. Miao, S.; Wang, T.; Chen, D. System Dynamics Research of Remanufacturing Closed-loop Supply Chain Dominated by the Third
Party. Waste Manag. Res. 2017, 35, 379–386. [CrossRef]

51. Mula, J.; Campuzano-Bolarin, F.; Díaz-Madroñero, M.; Carpio, K.M. A System Dynamics Model for the Supply Chain Procurement
Transport Problem: Comparing Spreadsheets, Fuzzy Programming and Simulation Approaches. Int. J. Prod. Res. 2013, 51,
4087–4104. [CrossRef]

52. Dong, T.; Yin, S.; Zhang, N. The interaction mechanism and dynamic evolution of digital green innovation in the integrated green
building supply chain. Systems 2023, 11, 122. [CrossRef]

53. Mahajan, K.; Tomar, S. COVID-19 and Supply Chain Disruption: Evidence from Food Markets in India. Am. J. Agric. Econ. 2021,
103, 35–52. [CrossRef]

54. Narayana, S.A.; Pati, R.K.; Padhi, S.S. Market Dynamics and Reverse Logistics for Sustainability in the Indian Pharmaceuticals
Industry. J. Clean. Prod. 2019, 208, 968–987. [CrossRef]

55. Saavedra, M.M.R.; Fontes, C.H.D.; Freires, F.G.M. Sustainable and Renewable Energy Supply Chain: A System Dynamics
Overview. Renew. Sustain. Energy Rev. 2018, 82, 247–259. [CrossRef]

56. Cao, Y.; Zhao, Y.; Wen, L.; Li, Y.; Li, H.; Wang, S.; Liu, Y.; Shi, Q.; Weng, J. System Dynamics Simulation for CO2 Emission
Mitigation in Green Electric-coal Supply Chain. J. Clean. Prod. 2019, 232, 759–773. [CrossRef]

57. Roy, B.B.; Tu, Q. A Review of System Dynamics Modeling for the Sustainability Assessment of Biorefineries. J. Ind. Ecol. 2022, 26,
1450–1459. [CrossRef]

58. Wei, Y.M.; Luo, Z.Z.; Xu, J.Q.; Liang, C.Y.; Tan, Q.L. Impact of Government Subsidy on Supply Chain for Direct-fired Biomass
Based Power Generation. Mod. Electr. Power. 2020, 37, 638–645.

59. Guo, J.; Mi, F.; Zhang, Q. Study on the Effect of Current Electricity Price Subsidy in China’s Agricultural and Forestry Biomass
Power Generation Industry. Issues For. Econ. 2020, 40, 155–164.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/en10111895
https://doi.org/10.1177/0734242X16684384
https://doi.org/10.1080/00207543.2013.774487
https://doi.org/10.3390/systems11030122
https://doi.org/10.1111/ajae.12158
https://doi.org/10.1016/j.jclepro.2018.10.171
https://doi.org/10.1016/j.rser.2017.09.033
https://doi.org/10.1016/j.jclepro.2019.06.029
https://doi.org/10.1111/jiec.13291

	Introduction 
	Literature Review 
	Methodology 
	System Dynamics Model 
	Scenario Setting 

	Simulation 
	The Basic Data and Model Assumptions 
	Determine the Proportion 
	Optimal Subsidy Policy 
	Environmental Benefits of Straw Recycling Supply Chain 
	Economic Benefits of Straw Recycling Supply Chain 
	Economic Benefits of Straw Recycling Supply Chain 


	Conclusions 
	References

