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Introduction: Developing biomass energy to alleviate the worldwide energy crisis
has become a global priority. In order to ensure the optimal utilization of biomass
energy, it is necessary to calculate a country’s biomass energy potential, so as to
provide support for the formulation of biomass energy macro policies, especially
for the sustainable supply of raw materials.

Methods: This study constructs the biomass inventory, including crop straw,
livestock manure, forest residues and municipal solid waste, and estimates the
potential of the biomass energy supply of 31 provinces (autonomous regions and
municipalities) in China from 2000 to 2020. The changes in the spatial pattern of
the biomass energy supply are explored. Taking 2020 as a targeted year, the spatial
patterns of biomass energy density defined as the biomass energy per land area
and per rural person is then analyzed.

Results: The results show that from 2000 to 2020, China’s biomass energy
converted into coal equivalent generally showed a fluctuating upward trend
from 139,141.73 × 104 tce in 2000–146,133.20 × 104 tce in 2020, with an
average annual growth rate of 0.24%. The biomass energy is dominated by
livestock manure and crop straw and the four types of biomass energy show
different changes but with an overall upward trend. The spatial patterns of the
biomass energy potential are generally uneven, with significant inter-provincial
differences and obvious regional differences in cold and hot spots. In 2020, the
energy density of the biomass energy potential is characterized by “two highs and
two lows,” i.e., the biomass energy density per unit land area is “high in the east and
low in the west” and the per capita biomass energy density in rural areas is “high in
the north and low in the south”.

Discussion: The aims of this study are to assess the capacity of biomass resources
in China to support a bio-based economy and provide a reference for China’s
biomass energy policy formulation and strategic layout. Research shows that in
order to further develop biomass energy, the development and utilization of
biomass energy should be promoted in combination with China’s regional
characteristics, rational planning and local conditions.
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1 Introduction

The challenges of energy security and environmental pollution
have become increasingly prominent. Therefore, there is an urgent
need to find suitable renewable energy sources and move towards
the sustainable development of human society. As environmentally-
friendly renewable energy, biomass energy, which is the only
resource containing C and H elements besides fossil resources, is
considered the best alternative energy to fossil energy (Feng et al.,
2018; Hu, 2019) and will play a crucial role in the low-carbon
transformation of international energy and the process of carbon
peaking and neutrality. Thus, developing biomass energy to alleviate
the energy crisis has become a global action. Biomass energy is an
energy form with biomass as the carrier, i.e., solar energy is stored in
biomass in the form of chemical energy through the photosynthesis
of plants. It has the advantages of easy development, renewability,
widespread distribution and minimal environmental pollution. The
available biomass energy resources globally are very rich. According
to statistics, there are −1730 × 108 t of biomass organic matter
produced by photosynthesis every year. The energy contained in this
biomass is 10–20 times the total global energy consumption (Xi
et al., 2019). The raw materials that can be used for biomass energy
include livestock manure, agricultural and forestry wastes,
municipal solid waste (Zhou et al., 2021).

Recently, public concern regarding energy security and
environmental issues has promoted the development of
renewable energy (Yan et al., 2021). Renewable energy
development and usage is one of the most effective methods to
address global climate change, solve the contradiction between
energy supply and demand and achieve the goal of carbon
neutrality by replacing fossil energy and reducing carbon dioxide
emissions. According to the research of the International Energy
Agency, 36% of global energy consumption will come from
renewable energy in 2030, of which biomass energy will account
for 60% (Wang et al., 2022). Therefore, further promoting the high-
quality development of biomass energy will make positive
contributions to the reduction of carbon emissions. At present,
the effective utilization of biomass energy has become a pivotal topic,
attracting the attention of governments and scholars globally, with
prominent projects including the sunshine Project in Japan, the
Green Energy Corridor project in India and the rural energy
programs of the United States (Miao, 2022). Taking China as an
example, since the late 1990s, China has decided to increase capital
investment and expand policy support for biomass energy
development and application (Li et al., 2021). China’s 14th 5-year
plan for bioeconomy development proposes to actively develop
bioenergy and promote the transition from fossil energy to green
low-carbon renewable energy (NDRC, 2022). In the future, as a
major energy consumer, China will devote more attention to
biomass resources (Miao, 2022). In this context, in order to
ensure the best utilization of biomass energy, it is necessary to
calculate the potential of a country’s biomass energy, obtain the basic
and decisive information of biomass energy and analyze the
potential and spatial patterns of biomass energy as prerequisites
for its development and utilization.

Biomass energy potential estimation is a critical issue and
significant research has been carried out at the national and
regional levels. In recent decades, an increasing number of
studies estimating the potential of biomass energy were carried
out at global, national, or regional scales by using different research
methods. However, evaluated quantities of biomass residues
available for bioenergy production vary greatly among different
studies due to differences in the types of residues analyzed, residue to
product ratios, and constraining factors taken into account. Studies
related to the estimation of biomass energy mainly focus on two
aspects. On the one hand is assessing the total amount of various
types of biomass energy. On the other hand is estimating the supply
capacity of a certain type of biomass resource. A literature review in
terms of research objectives and results that are related to this study
is shown in Table 1.

It can be seen that when estimating biomass energy, most
researchers choose cross-sectional data, i.e., the calculation and
distribution of resources are mainly analyzed using the data of a
certain year, which cannot fully reflect the temporal and spatial
changes of biomass energy in China at present. As the production
process of biomass energy is closely related to the objective factors of
natural conditions, such as climate, it is not sufficient to reflect the
real situation of biomass energy resources in this region by selecting
data for a certain year for analysis. Furthermore, the selection of
research objects is not sufficiently comprehensive, with most only
considering straw, livestock manure and forest biomass. Municipal
solid waste and are rarely involved. Finally, there is a lack of research
on the spatial distribution of biomass energy, such as Beijing(Jia
et al., 2014), Shandong(Li et al., 2014), Fujian(Su, 2016),
Gansu(Zheng et al., 2019), Henan(Zhou et al., 2021), Jiangsu(Mi
and Su, 2017), etc.

Therefore, this study aims to quantify the potential of biomass
energy in China from 2000 to 2020, analyze its composition and
evolution trend and explore the geographical pattern. This study
provides corresponding theoretical support for China to formulate
macro policies for biomass energy in the future, especially for the
sustainable supply of raw materials.

The study first constructs the biomass inventory, including crop
straw, livestock manure, forest residues and municipal solid waste
and estimated the potential of biomass energy supply of 31 provinces
(autonomous regions and municipalities) in China from 2000 to
2020. The changes in the spatial pattern of the biomass energy
supply are then explored. Finally, taking 2020 as a targeted year, the
spatial patterns of biomass energy density defined as the biomass
energy per land area and per rural person are analyzed. Discussion:
The aims of this study are to assess the capacity of biomass resources
in China to support a bio-based economy and provide a reference for
China’s biomass energy policy formulation and strategic layout.

2 Materials and methods

According to present studies, we established the biomass
inventory including crop straw, livestock manure, forest residues
and municipal solid waste. Considering the simplicity and
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scientificity of the calculation, the first step of the estimation of
biomass energy potential is to calculate its theoretical resources. The
second step is to obtain the collectable resources according to the
collection coefficient (Zhou et al., 2021). The third step is to obtain
the converted coal equivalent according to the reference coefficient
of energy converted coal equivalent. The research data mainly come
from the National Bureau of Statistics, China Forestry Statistical
Yearbook, China Energy Statistical Yearbook, provincial statistical
yearbooks and provincial government websites.

2.1 Methodology for estimating biomass
energy potential

2.1.1 Estimation method of crop straw biomass
energy potential

China is one of the world’s major agricultural nations, with an
abundance of agricultural waste and the ability to produce biomass
energy (Zhou et al., 2011). Crop straw is an essential component of
agricultural waste. As a result, this study utilizes agricultural straw to
determine its biomass energy potential. Crop straw refers to the
plants remaining after the harvest of crop seeds, which are the most

valuable crop byproducts in rural areas. Most of the remaining
resources have not been exploited efficiently, with the exception of
those used for fertilization, paper production and other industrial
raw materials and animal feed (He, 2017). The majority of crop
straw consists of food crops, oil crops, cotton, hemp and sugar crops
(Zhong et al., 2003). Since the output of straw is not included in the
statistics of China’s relevant departments, the output of straw is
typically estimated based on the output of crops (Liu and Shen,
2007). This study focuses on corn, rice, wheat, other cereal grains,
cotton, rape, peanuts, beans and tubers. The estimation method of
crop straw biomass energy potential is as follows:

Bc � ∑n
i�1
PiRiuiηi (1)

where Bc is the converted coal equivalent amount of crop straw
biomass energy resources, Pi is the annual output of i crops in a
certain area, Ri is the grain-straw ratio of i crops in a certain area
[the ratio of straw yield to grain yield per unit area of a certain
crop (MOA, 2009)], ui is the straw collection coefficient of i
crops and ηi is the converted coal equivalent factors of i biomass
resources.

TABLE 1 Summary of biomass energy potential studies in China and other countries.

Author, year Country (Region) Feedstock Available potential of
biowaste

Timeframe

Liu and Shen
(2007)

China Crop straw, livestock manure, forest biomass and municipal solid waste 4.6 × 108 t 2004

Chen et al. (2009) China Agricultural residues 6.3 × 108 t 2006

Yang et al. (2010) China Crops straw, forest, poultry and livestock manure, municipal solid waste,
organic waste water

8.87 × 108 t 2007

Zhou et al. (2011) China Agricultural residues, forest residues, and municipal solid waste 14.7 EJ 2007

Monforti et al.
(2013)

EU Residues of eight crops 1500 PJ 2000–2009

Muth et al. (2013) United States of
America

Agricultural residues 150 Mt, 207 Mt 2011, 2030

Batidzirai et al.
(2016)

South Africa Agricultural residues 5.8–13.1 Mt 2030

Singh (2016) India Agricultural residues 6,502.3 Mt 2014

Mi and Su (2017) Jiangsu Province, China Crop straw, livestock manure, forest biomass and municipal solid waste 4,586.41 × 104 t 2007–2014

Hamelin et al.
(2019)

EU-27 (including
Switzerland)

Agricultural residues, forestry residues, urban greening management and
food waste

8,500 Pjy-1 2010

Wang et al. (2019) Zhejiang Province,
China

Straw resources, livestock manure and urine resources 3,000.87 × 104 t 2016

Avcioglu et al.
(2019)

Turkey Agricultural residues 7,140 ktoe 2015

Nie et al. (2019) China Agricultural residues, woodland and grassland, residues, animal manure,
energy crops, municipal, solid waste

636 Mt 2015

Jekayinfa et al.
(2020)

Nigeria Agricultural residues, animal manure, urban solid waste and forest
residues

2.33 EJ 2017

Tian et al. (2021) China Agricultural biomass, forestry biomass, municipal solid waste and waste
edible oil

3.26×108 tce/a 2019

Zhou et al. (2021) Henan Province, China Agricultural and forestry residues 13,492.82 × 104 t 2014–2018
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The ratio of grain to straw has a direct impact on the precision of
straw resource estimation. China has a vast territory and an
abundance of crop varieties. The ratio of grain to straw varies
considerably between areas and crop types (Huo et al., 2020). In
the majority of previous regional investigations, the grain-straw
ratio coefficient was the same. However, even for the same crop, the
grain-straw ratio coefficient will vary among locations due to the
impact of climate, region, planting systems and measurement
discrepancies. This study mainly adopts the grain-straw ratio of
the main crops in different agricultural areas (Table 2) provided in
the “Notice of the General Office of the National Development and
Reform Commission and the General Office of the Ministry of
Agriculture on Carrying out the Final Evaluation of the
Comprehensive Utilization Plan of Crop Straw”. Individual
vacancy indicators refer to the research of (Chen et al., 2009; Bi,
2010; Mi and Su, 2017).

Combined with the relevant literature (Xing et al., 2015; He,
2017; Mi and Su, 2017), the collection coefficient and coal equivalent
conversion coefficient selected in this study are shown in Table 3.

2.1.2 Estimation method of livestock manure
biomass energy potential

As the best raw material for biogas fermentation, livestock
manure is an important biomass resource (Zhou et al., 2021).

With the improvement in people’s living standards and the
change in diet structure, the proportion of livestock and poultry
products in the diet structure has gradually increased. Therefore, the
breeding industry has also developed rapidly, accompanied by the
problem of livestock and poultry manure disposal. Reasonable
estimation of the biomass energy of livestock and poultry
manure is conducive to attracting attention for the energy
utilization of biomass resources. The amount of livestock manure
resources in China mainly refers to the amount of manure produced
by cattle, pigs, sheep and poultry (Li et al., 2014). In this study,
slaughtered fattened pigs, pigs on hand, slaughtered cattle, cattle on
hand, slaughtered sheep and goats, sheep and goats on hand, horses,
donkeys and mules and slaughtered poultry are selected as the
estimation objects of the biomass energy potential of livestock
manure. The estimation formula is as follows:

Bm � ∑n
i�1
LiTiviηi (2)

where Bm is the converted coal equivalent amount of livestock
manure biomass energy resources, Li is the number of i livestock
in a certain area, Ti is the total amount of fecal emissions of i
livestock in a certain area during the feeding period, vi is the
collection coefficient of i livestock and ηi is the converted coal
equivalent factors of i biomass resources.

Livestock manure is related to animal species, breed, sex, growth
period and other factors (Liu and Shen, 2007), it is worth pointing
out that the number of livestock and poultry breeding heads
collected from the statistical yearbook generally includes total
amount of livestock for sale and on hand. The growth period of
livestock and poultry is not the same. The feeding period of the
number of livestock on hand was calculated as 365 days, slaughtered
fattened pigs are generally 300 days (Li and Wang, 2004),
slaughtered poultry are 55 days, while for sheep and goats,
horses, donkeys and mules are calculated on the basis of year-
round feeding. The studies of (Liu and Shen, 2007; Li et al., 2014; He,
2017; Mi and Su, 2017) were used to select the relevant coefficients,
as shown in Table 4.

2.1.3 Estimation method of forest residue biomass
energy potential

The ninth national forest resources inventory reveals that the
national forest area in China is 2.2 × 108 hm2 and that the

TABLE 2 Reference of main crops grain-straw ratio in different agricultural areas.

Main agricultural area Corn Rice Wheat Other
grains

Cotton Rape Peanuts Beans Tubers

North China Agricultural Area 1.73 0.93 1.34 0.85 3.99 2.00 1.22 1.57 1.00

Northeast Agricultural Area 1.86 0.97 0.93 0.97 3.00 2.00 1.50 1.70 0.71

Agricultural areas in the middle and lower reaches of the
Yangtze River

2.05 1.28 1.38 1.06 3.32 2.05 1.50 1.68 1.16

Northwest Agricultural Area 1.52 1.05 1.23 1.23 3.67 2.00 1.50 1.07 1.22

Southwest Agricultural Area 1.29 1.00 1.31 0.97 3.00 2.00 1.50 1.05 0.60

Southern agricultural area 1.32 1.06 1.38 1.27 3.00 2.00 1.65 1.08 1.41

TABLE 3 Crop straw collection coefficient and conversion factors.

Type Collection
coefficient

Conversion
Factors(kgce/kg)

Corn 0.92 0.529

Rice 0.83 0.429

Wheat 0.75 0.500

Other
grains

0.82 0.545

Cotton 0.88 0.543

Rape 0.83 0.529

Peanuts 0.86 0.529

Beans 0.80 0.543

Tubers 0.74 0.486
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development potential of forestry biomass energy is substantial
(NFGA, 2019). These abundant biomass resources not only
provide a good material foundation for the sustainable
development of forestry bioenergy but also have a large available
space, which can provide a strong resource guarantee for alleviating
the national energy crisis, adjusting and optimizing the energy
structure and achieving a sustainable energy supply. Forest
leftovers are the byproducts from thinning and felling during
forest production and forestry growth (Feng et al., 2019). This
study focuses primarily on economic forests, with trees planted
on all sides, nursery, young and middle-aged forests, commercial
timber, bamboo forests and firewood forests as categories of forest
residues. The biomass energy potential estimation formula is as
follows:

Bf � ∑n
i�1
MiNiHiwiηi (3)

where Bf is the converted coal equivalent amount of forest residue
biomass energy resources, Mi is the area of i forest products in a
certain area, Ni is the conversion factor of i forest product residues,
Hi is the weight reduction factor of i forest products, wi is the

availability coefficient of i forest products and ηi is the converted
coal equivalent factors of i biomass resources.

The primary data are from China Forestry Statistical Yearbook
(2000–2020). Other area data for forest residue are collected from
the 6th to 9th National Forest Resources Survey and provincial
government websites. In reference to (Lv et al., 2005; Liu and Shen,
2007; Zang and Zhang, 2019), the specific values of the following
conversion coefficients were determined, as shown in Table 5.

2.1.4 Estimation method of municipal solid waste
biomass energy potential

Municipal solid waste, including paper, food waste and leather,
can be used as a source of biomass energy (Zang and Zhang, 2019).
Municipal waste can be divided into organic waste and inorganic
waste resources according to its composition. Depending on its

TABLE 4 The total amount of manure discharged during the feeding period of livestock, collection coefficient, and conversion factors.

Type The total amount of manure discharged per unit of livestock
during the feeding period(kg)

Collection
coefficient

Conversion
Factors(kgce/kg)

Slaughtered Fattened
pigs

1,050 0.85 0.429

pigs on Hand 1,460 0.85 0.429

Slaughtered Cattle 8,200 0.70 0.471

Cattle on Hand 8,200 0.70 0.471

Slaughtered Sheep and
Goats

632 0.70 0.529

Sheep and Goats on
Hand

632 0.70 0.529

Horses 5,237 0.60 0.529

Donkeys and Mules 3,092 0.60 0.529

Slaughtered Poultry 4.5 1.00 0.643

TABLE 5 Conversion factor, weight reduction factor, availability coefficient and conversion factor of forest residues.

Type Conversion factor of forest
residues/%

Weight reduction
factor

Availability
coefficient/%

Conversion
Factors(kgce/kg)

Economic Forest 100 7.2 20 0.571

Planting Trees on All Sides 100 2 33

Nursery 100 0.125 67

Young and Middle-Aged
Forest

10 7.2 22

Commercial Timber 20 0.9 26.14

Bamboo Forest 20 5 26.14

Firewood Forest 25 16 100

TABLE 6 Coal equivalent conversion factors of municipal solid waste.

Type Conversion factors

Municipal Solid Waste 0.143(kgce/kg)
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composition, municipal garbage can be separated into organic and
inorganic waste resources. Organic matter storage in municipal solid
waste is close to one-third and is easily degraded. This study
estimates the quantity of biomass energy converted into coal
equivalent according to the amount of municipal solid waste
removal (Mi and Su, 2017).

Bw � ∑n
i�1
Qgηi (4)

where Bw is the converted coal equivalent amount of municipal solid
waste biomass energy resources, Qg is the volume of municipal solid
waste in a certain area, and ηi is the converted coal equivalent factors
of i biomass resources.

With reference to the relevant literature, the correlation
coefficients used in this study are shown in Table 6.

2.2 Hot spot analysis

Hot spot analysis involves identifying the locations of
statistically significant hot spots, cold spots and spatial outliers by
looking at each element in the environment of adjacent elements,
one of which has a high value and is surrounded by other elements
with the same high value. It is the hot or cold spot with significant
statistical significance (Zhong and Xu, 2022). Hot spot analysis can
calculate the Getis − OrdG*

i statistics for each element in the dataset
and obtain the spatially clustered locations of high or low value
features through the obtained ? scores and p values (Xue et al.,
2018). This study uses hot spot analysis to explore the spatial pattern
of hot and cold spots of the biomass energy potential in China. The
calculation formula is as follows

G*
i d( ) �

∑n
j�1
wij d( )xj

∑n
j�1
xj

(5)

To facilitate comparison and analysis, G*
i(d) usually needs to be

standardized as follows:

Z G*
i( ) � G*

i − E G*
i( )��������

Var G*
i( )√ (6)

where G*
i(d) is the Getis − OrdG*

i index, E(G*
i ) is the mathematical

expectation of G*
i , Z(G*

i ) is the standardized value of G*
i , Var(G*

i ) is
the coefficient of variation of G*

i and wij(d) is the spatial adjacent
weight matrix based on distance d. If Z(G*

i ) has significant positive
correlation, it means that the potential of biomass energy resources
in the area around the province ? is high and belongs to a high value
of spatial agglomeration (hot spot). In contrast, if Z(G*

i ) has
significant negative correlation, it means that the biomass
resource potential of the area around the province ? is low and
belongs to a low value of spatial agglomeration (cold spot).

The output of the G*
i statistic also provides measures of statistical

significance for each feature/area: the probability (G*
i p-value) and

standard deviation (G*
i z-score) values.G

*
i z-score is a measure of how

much the features/areas are clustered, and the G*
i p-value is the

probability that the hot-spot patterns found are only due to a

random spatial process. Strictly speaking, a high z-score and a low
p-value indicates a significant hot-spot. A low negative z-score and a
small p-value indicates a significant cool-spot. The higher (or lower)
the z-score, the more intense is the clustering (Guerri et al., 2021).

2.3 Energy density

Energy density (Li et al., 2001) refers to the amount of energy
stored in a certain space or mass of matter and is an indicator used to
reflect resource abundance and can be used to measure the biomass
energy possession per unit area or population. Since there are
differences in population and area between provinces and urban
areas, evaluating the availability of regional biomass from the
perspective of a province alone cannot fully describe the
abundance of biomass in the region (Liu and Shen, 2007; Guo,
2013). Since biomass energy is mostly used in rural areas at this
stage, we take 2020 as an example to calculate the energy density of
biomass energy potential based on rural population and land area.

3 Results and discussion

3.1 Biomass energy potential from 2000 to
2020

China has a wide range of biomass resources, which have
significant potential for development. China has the world’s
largest biomass energy supply (Zhao and Yan, 2019), which will
be the focus of future development and exploitation. From 2000 to
2020, the amount of biomass energy converted into coal equivalent
in China fluctuated and increased from 139,141.73 × 104 tce in
2000–146,133.20 × 104 tce in 2020, with an average annual growth
rate of 0.24% (as shown in Supplementary Table SA). As a large
agricultural country, China has a long history of planting and animal
husbandry, as well as diverse agricultural products. Biomass energy
consists primarily of animal manure and crop straw, along with
municipal solid waste and forest residues. As indicated in Figure 1,
from 2000 to 2020, livestock manure contributed more than 68% of
the biomass energy, while crop straw contributed up to 31% in 2019.
Different forms of biomass energy potentials exhibit distinct
tendencies. The following sections will analyze the time changes
in depth.

3.1.1 Estimation results of crop straw biomass
energy potential

This study focuses primarily on corn, rice, wheat, other grains,
cotton, rape, peanuts, beans and tubers as the selected crops. The
theoretical resources, collected quantity and converted coal
equivalent quantity of crop straw biomass energy in China from
2000 to 2020 can be determined using Eq. 1. As depicted in
Figure 2A, the biomass energy potential of crop straws has
fluctuated and steadily increased over the previous 2 decades,
with the rate of change being essentially constant. The total
amount reached its maximum point in 2020, when the coal
equivalent amount of crop straw reached 43,238.34 × 104 tce. Its
lowest position was in 2003, when the coal equivalent amount of
crop straw reached 26,036.93 × 104 tce.
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In particular, the potential shift of crop straw biomass in China
from 2000 to 2020 exhibited two U-shaped changes, with the lowest
points occurring in 2003 and 2016. China began thoroughly
implementing the strategic adjustment of agricultural structure in

1998 and the national grain planting area continued to drop from
1999 to 2003 (with a total decrease of 1,437.81 × 104 hm2), resulting
in a decline in the national total straw yield (Bi, 2010). Some regions
were significantly impacted by the heavier agrometeorological

FIGURE 1
Proportion of various types of biomass energy potential converted to coal equivalent in China from 2000 to 2020.

FIGURE 2
Changes of various biomass energy indicators in China from 2000 to 2020 (A–D).
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disasters in 2016 compared to the previous year, which contributed
to this low point. Natural calamities limited the harvest of summer
grains and early rice. The 2016 low point was due to the fact that
national agrometeorological catastrophes were more severe than in
the previous year and several regions were seriously damaged. The
calamity affected the yield of summer grains and early rice. During
the early stages of autumn grain growth, numerous locations in the
south had excessive rainfall. Hubei, Anhui and other areas were
severely impacted; some farmlands were repeatedly inundated and
crop yields declined significantly (Wang, 2016).

3.1.2 Estimation results of livestock manure
biomass energy potential

The livestock species selected in this study mainly include
slaughtered fattened pigs, pigs on hand, slaughtered cattle, cattle
on hand, slaughtered sheep and goats, sheep and goats on hand,
horses, donkeys and mules and slaughtered poultry. The theoretical
resources, collected quantity and converted coal quantity of animal
waste biomass energy in China from 2000 to 2020 are determined
using Eq. 2. Figure 2B demonstrates that the biomass energy of
livestock manure fluctuates slightly. Since 2000, the biomass energy
of livestock manure has shown a slow increasing trend, peaking at
126,521.67 × 104 tce in 2005 before dropping to 103,895.54 × 104 tce
in 2007 and 94,073.65 × 104 tce in 2019 after a moderate climb.

Specifically, a series of policies to support agriculture issued by
the central government in 2005 provided feed and financial support
to accelerate the development of animal husbandry. As a result of the
combined effects of policies and markets, farmers are more
encouraged to expand animal husbandry production and the size
of breeding has expanded, resulting in a peak. In the previous
decade, 2007 marked a significant turning point for China’s
livestock and poultry breeding business. As a result of the
epidemic, the size of the breeding business has shrunk
significantly. The “African Swine Fever” outbreak in 2019 also
caused a fall in pig production capacity and marked the second
low point.

3.1.3 Estimation results of forest residue biomass
energy potential

The types of forest residues selected included economic forests,
sipang trees, seedlings, young and middle-aged forest tending,
commercial timber, bamboo forests and firewood forests as the
predominant sources of forest residues. Eq. 3 is used to calculate the
theoretical resources, collectable amount and converted coal
equivalent amount of biomass energy of forest residues in China
from 2000 to 2020. As illustrated in Figure 2C, the overall trend is
upward. Specifically, the converted coal equivalent of forest residues
reached their lowest levels in 2005 and 2015, at 467.62 × 104 and
785.74 × 104 tce, respectively. The reason for the low point in
2005 was that the national afforestation plan decreased by 26.53%
compared with 2004 and the afforestation area accounted for 9.26%
of economic forests according to forest types and uses. In addition,
the output of seedlings in 2005 was 287.28 × 108 plants, a year-on-
year decrease of 28.50% (DDPFM, 2006). As an important part of
forest residues, the reduction in the area leads to a decrease in the
theoretical resources of forest residues. The main reason for the low
point in 2015 is that the tending area of young and middle-aged
forests decreased by 14.27% compared with 2014.

3.1.4 Estimation results of municipal solid waste
biomass energy potential

Formula 4 is used to determine the theoretical resources,
collectable amount and converted coal equivalent amount of
biomass energy of municipal solid waste in China from 2000 to
2020 As depicted in Figure 2D, the biomass energy of municipal
solid waste generally shows a trend of rising in the fluctuation. With
the economic growth and improvement of residents’ living
standards, the amount of municipal solid waste removal and
transportation has increased year by year and the amount of
municipal solid waste converted into coal equivalent has also
increased steadily. Specifically, the total amount of coal converted
into coal equivalent showed a slow rising trend and reached the
maximum of 1,384.59 × 104 tce in 2019.

3.2 Changes in spatial patterns from 2000 to
2020

3.2.1 Geographical distribution pattern of biomass
energy in China from 2000 to 2020

The spatial patterns are generally uneven, with large inter-
provincial differences. From 2000 to 2020 (for details see
Supplementary Table SB), the provinces with the high biomass
energy potential include Henan, Sichuan, Hebei, Hunan and
Shandong (Supplementary Figure SA). In contrast, the biomass
energy potential of Shanghai, Beijing, Tianjin, the Ningxia Hui
Autonomous Region and Hainan Province is relatively low. Due
to the high proportion of livestock manure and crop straw biomass
energy, this distribution tendency may be the result of the
unbalanced development of animal husbandry or agriculture in
China. The provinces with high biomass energy potential have
developed animal husbandry or agriculture. Provinces with low
biomass energy potential usually have slow agricultural
development or small production scale (Yan et al., 2021). China’s
key agricultural provinces include the provinces of Henan, Sichuan,
Hebei, Hunan and Shandong. They have an abundance of crop straw
and a developed breeding industry. As an expanding livestock and
poultry breeding zone in China, the southwest region ranks first in
the nation for the production of livestock and poultry manure and
urine, and the amount of livestock and poultry breeding, such as live
pigs and laying hens, exhibits a rising annual trend (Zhu and Ma,
2014). Consequently, the potential of biomass energy is enormous.

3.2.2 Hot spot analysis results
From 2000 to 2020, China’s cold and hot spots for biomass

energy potential are geographically distinct (for details see
Supplementary Table SC). The majority of the hot spots are
clustered in the southwest, south central and eastern regions of
China and have spread to the northeast. The sub-hot spots are
dispersed around the primary hot spots and their number is
growing. The cold spots are dispersed over northwest and eastern
China, with no discernible temporal variation. The number of sub-
cold spots grows and they are scattered in a strip interval between
sub-hot areas. ArcGIS software was used to analyze the hot spots of
China’s biomass energy potential from 2000 to 2020. According to
the natural breakpoint method, the results are divided into hot spots,
sub-hot spots, the transition between hot and cold areas, sub-cold
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spots and cold spots. From 2000 to 2002, the majority of hot spots
were clustered in the provinces of Shandong, Hunan, Hubei, Anhui,
Jiangsu and Guizhou. From 2003 to 2010, the number of hotspots
dropped and were located in the provinces of Henan, Hubei and
Guizhou. (Supplementary Figure SB). From 2011 to 2020, the
number of hot spots increased and the hot spots extended to the
northeast. By 2020, they are mainly distributed in northeast, central

and southwest China, and concentrated in the provinces of
Heilongjiang, Jilin, Henan, Hubei and Guizhou and Chongqing
City with a pattern of patchy distribution. The number of sub-hot
spots surrounding hot spots is rising. By 2020, the sub-hot spots are
distributed in two belts, extending eastward and westward. The cold
spots are distributed in northwest and east China. In 2000, the most
prominent cold spots were in Gansu Province. The sub-cold spots

FIGURE 3
Distribution of biomass energy density per unit of land area in 2020.

FIGURE 4
Distribution of biomass energy density per capita in rural areas in 2020.
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were distributed in patches in the northwest, southeast and
northeast. From 2001 to 2005, the number of cold spots
increased. The main gathering areas include Gansu Province, the
Tibet Autonomous Region, Zhejiang Province and Fujian Province.
The number of sub-cold spots decreased. From 2006 to 2020, the
Tibet Autonomous Region withdrew from cold-spots areas, while
the rest remained unchanged. The number of sub-cold spots areas
has increased and the sub-cold spots distributed in the sub-hot spots
with strip intervals, and the aggregation characteristics are gradually
enhanced.

3.2.3 Energy density analysis for 2020
Since there are differences in population and land area between

provinces in the preceding analysis and biomass energy in China is
predominantly used in rural areas at the present time, we use 2020 as
an example to calculate the energy density of biomass energy
potential based on the rural population and land area. As shown
in Figure 3, the five provinces with the most biomass energy per unit
land area are Henan, Shandong, Hebei, Tianjin and Jiangsu in
central and eastern China. The five provinces with the least
biomass energy per unit land area are the Inner Mongolia
Autonomous Region, Beijing, Qinghai Province, the Xinjiang
Uygur Autonomous Region and the Tibet Autonomous Region.
Among them, Henan Province reaches 680.50 tce/km2, while the
Tibet Autonomous Region has only 20.04 tce/km2. This is primarily

due to provincial differences in biomass energy structure and land
area. As depicted in Figure 4, the per capita availability of biomass
energy in rural areas exhibits significant interprovincial disparities,
with the largest province in Qinghai reaching 12.39 tce/person and
the smallest province in Beijing reaching only 0.49 tce/person. In
addition, the Inner Mongolia Autonomous Region, the Tibet
Autonomous Region, Heilongjiang Province and Jilin Province
are among the provinces with high per capita access to biomass
energy, whereas the smallest provinces and cities are Beijing,
Shanghai, Zhejiang, Fujian and Guangdong in turn. Generally,
the biomass energy density per unit land area is “high in the east
and low in the west” and the biomass energy density per capita in
rural areas is “high in the north and low in the south” in 2020.

4 Discussion

4.1 Uncertainty analysis

The biomass energy potential of livestock manure is estimated
using the mean values of the total amount of manure emissions of
livestock during the feeding period, which is the source of the
uncertainties of total biomass energy potential. Monte Carlo
simulation, as a common method to quantify the error
propagation of model parameters (Hu et al., 2017), tests the

FIGURE 5
Ranges of livestock manure coefficient.
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uncertainty ranges of biomass energy potential in this study. Manure
emissions of livestock during the feeding period coefficient is
assumed to fit the log-normal distribution curve with a
confidence degree of 95% (Jia et al., 2018). Monte Carlo model
then runs 5,000 times to get the statistical distribution results of
manure emissions of livestock during the feeding period (Kang et al.,
2020)(for details see Supplementary Table SD), whose ranges is
summarized by box-and-whisker plots (Figure 5). In terms of
excretion coefficient, slaughtered sheep and goats exhibited the
highest interquartile range, which denoted the largest variability
of slaughtered sheep and goats. The excretion coefficient of the
slaughtered sheep and goats was the major contributor to
uncertainty, owing to its highest inter-quartile range as well as
the sheep are farmed on a large scale with many varieties in China.

4.2 Comparison with existing biomass
resources assessment

The available potentials of biomass resources estimated in other
existing studies are different from that in this study throughout the
accounting period. This difference is attributed to the diverse types
of biomass resources and to the inconsistent values of their produced
coefficients. (Liu and Shen, 2007).used smaller grain-straw ratio of
crop straw, while this paper used the ratio of grain-straw in different
agricultural areas, which led to a significant difference compared to
this study. (Yang et al., 2010). used less classifications for forest
resources and adopted larger coefficients. The estimate in 2017 by
(Tian et al., 2021). Was lower than that of this study, mainly due to
the fact that livestock manure is not included in their assessment
(He, 2017). is different because it does not distinguish between
livestock for sale and on hand when counting livestock manure.

4.3 Policy implications

In order to further develop biomass energy, the development
and utilization of biomass energy should be promoted in
combination with China’s regional characteristics, rational
planning and local conditions. The regional distribution of
biomass energy in China is uneven and there are differences in
types and quantities among regions, meaning that the development
of biomass energy should be based on the characteristics of biomass
energy resources in various regions and should be developed and
utilized in a targeted manner. In addition, the development of
biomass energy should also be promoted in combination with
the policies and regulations of various regions and the needs of
the people, so that biomass resources can be effectively utilized. At
the present stage, China’s biomass energy is mainly used in rural
areas, but the utilization methods are extensive, most of which are
traditional use and direct combustion, which is inefficient, and
seriously threatens the rural ecological environment and health
(Liu and Shen, 2007). In 2018, the consumption of non-
commercial energy such as straw and firewood in rural China
was 1.11 × 108 tce, accounting for 35.1% of the total rural
domestic energy consumption (Tang and Li, 2021). The
inefficient and wasteful use of biomass energy, on the one hand,
easily leads these areas into a vicious cycle of energy shortage and

ecological destruction. On the other hand, human and livestock
manure and indoor air pollution have become one of the main
reasons that endanger people’s health in rural areas. Agricultural
biomass energy technology is an important method to promote the
effective utilization of agricultural waste resources. It can not only
solve the environmental pollution problem of agricultural waste,
reduce GHG emissions due to incineration or disorderly stacking,
but also replace fossil energy to reduce CO2 emissions and improve
soil carbon sequestration capacity. In the future, there is great
development potential under the “dual-carbon” background.
Some studies have calculated the GHG reduction potential of
agricultural biomass energy. The results show that the potential
of agricultural biomass energy to replace fossil energy in 2030 is
6,490–7,664 × 104 t and the GHG reduction contribution is
1.97–2.34 ×108 t. The potential of alternative fossil energy in
2060 is 9,073–10763 × 104 t and the GHG reduction contribution
is 2.79–3.36 × 108 t (Huo et al., 2021). In the future, vigorously
developing biomass energy utilization technologies, such as
biofuel and biomass power generation, and scientifically and
efficiently developing and utilizing biomass energy will become
powerful measures to solve China’s energy and environmental
problems.

5 Conclusion

Our results reveal the changes in spatial patterns of biomass
energy potential from biowaste at the provincial scale in China from
2000 to 2020. Firstly, a biomass energy inventory, including crop
straw, livestock manure, forest residues and municipal solid waste,
was constructed to estimate the biomass energy supply potential of
31 provinces (autonomous regions and municipalities) in China
from 2000 to 2020. Secondly, the spatial pattern changes of biomass
energy supply were explored. Then, with 2020 as the target year, the
spatial distribution of biomass energy density defined as the biomass
energy per land area and per rural person was analyzed. The
conclusions are as follows.

(1) China has the world’s largest biomass energy supply, which will
be the focus of future development and exploitation. From
2000 to 2020, the amount of biomass energy converted into
coal equivalent in China fluctuated and increased from
139,141.73 × 104 tce in 2000–146,133.20 × 104 tce in 2020,
with an average annual growth rate of 0.24%. Biomass energy
mainly consists of livestock manure and crop straw,
supplemented by municipal solid waste, and forestry
residues. In the past 20 years, the four types of biomass
energy show different changing trends and the overall trend
is upward, the biomass energy potential of crop straws has
shown a slow and fluctuating upward trend. The biomass energy
of livestock manure is generally stable and fluctuates slightly.
The biomass energy of forest residues is generally on the rise and
the biomass energy of municipal solid waste shows a trend of
rising with fluctuation.

(2) From 2000 to 2020, the spatial distribution of biomass energy
potential in China is generally uneven, with large inter-
provincial differences. Due to the high proportion of
livestock manure and crop straw biomass energy, this
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distribution tendency may be the result of the unbalanced
development of animal husbandry or agriculture in China.
There are obvious geographical differences in the cold and
hot spots. The majority of the hot spots are clustered in the
southwest, south central and east regions of China, and have
spread to the northeast. The sub-hot spots are dispersed around
the primary hot spot, and their number is growing. The cold
spots are dispersed over northwest and eastern China, with no
discernible temporal variation. The number of sub-cold spots
grows and they are scattered in a strip interval between sub-hot
areas.

(3) The energy density of biomass energy potential in 2020 is
characterized by a “two high and two low” distribution,
i.e., the biomass energy density per unit land area is “high in
the east and low in the west” and the biomass energy density per
capita in rural areas is “high in the north and low in the south”
in 2020.

On 22 September 2020, China announced that it will
enhance national independent contribution, adopt more
powerful policies and measures, strive to reach the peak of
carbon dioxide emissions by 2030 and strive to achieve carbon
neutrality by 2060. The power sector is the largest industrial
source of greenhouse gas (GHG) emissions in China and is also
the key to carbon neutrality in China’s energy system. Biomass
energy technology plays an important role in the deep
decarbonization of the power sector. Unlike wind energy,
hydropower, solar energy and so on, biomass is a renewable
energy with a similar organizational structure to conventional
fossil fuels, which can be stored and transported like coal. It can
be applied to biomass only through a small process
transformation on the basis of the original coal-fired power
generation facilities. Therefore, coal-fired biomass coupling
power generation can be realized. Biomass can fix carbon
dioxide in nature through photosynthesis and has carbon
neutral properties. The use of agricultural and forestry
residues to replace coal in power production will greatly
reduce carbon emissions in the process of power production.
In addition, increasing the utilization ratio of biomass resources
in the existing power generation structure will also help to
improve the flexibility of China’s energy supply and guarantee
China’s energy security (Li, et al., 2021). In this context, biomass
energy technology will become an indispensable key emission
reduction technology choice in the low-carbon transformation
of China’s power sector.
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