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Abstract

This study, based on data from the 2024 Zhengzhou Statistical Yearbook, used the ARCGIS spatial 
analysis methods to evaluate the biomass energy utilization potential and emission reduction benefits 
of major crop straws and livestock manure in Zhengzhou. The results showed that the total biomass 
energy utilization potential of agricultural waste in Zhengzhou in 2024 was approximately 3.58×10⁵ t of 
standard coal, with crop straw accounting for about 3.07×10⁵ t and livestock manure for about 0.51×10⁵ t. 
Using crop straw and livestock manure as fuel, compared to standard coal, could reduce SO₂ and NOₓ 
emissions by 4.52×10² t and CO₂ emissions by approximately 1.99×10⁷ t. Specifically, the utilization 
of crop straw can reduce SO₂ and NOₓ emissions by 2.69×10² t and CO₂ emissions by approximately 
8.17×10⁵ t, while the utilization of livestock manure can reduce SO₂ and NOₓ emissions by 1.83×10² tons 
and CO₂ emissions by approximately 1.91×10⁷ t. Through spatial analysis, the study revealed the spatial 
distribution characteristics of the biomass energy utilization potential and emission reduction benefits 
of agricultural waste, showing that agricultural waste resources in Zhengzhou were concentrated in 
major crop production areas and large-scale livestock farming zones, with high-value areas mainly 
concentrated in the eastern and southwestern regions. This study provided a quantitative analytical 
foundation for optimizing Zhengzhou’s agricultural waste resource utilization and biomass energy 
development strategies, and offered scientific support for promoting local green energy development 
and achieving the “dual carbon” goals.
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Introduction

As the core city of agricultural and urban-rural 
integration development in the Central Plains region, 
Zhengzhou has a vast amount of agricultural waste 
resources, including crop straw and livestock manure. 
Improper disposal of these wastes not only leads to 
resource waste but also causes environmental issues 
such as straw burning and manure-related non-point 
source pollution, which in turn deteriorates the rural 
ecological environment and affects the quality of life for 
residents. Previous studies have shown that agricultural 
greenhouse gas emissions account for approximately 
16% of the total emissions in China [1]. Therefore, 
promoting the proper disposal and energy utilization 
of agricultural waste is crucial for improving the 
agricultural ecological environment and plays a key 
role in activating the green economy of rural areas and 
promoting sustainable development [2].

Biomass energy, as a clean and renewable energy 
source, is widely stored in agricultural waste. 
Converting straw and livestock manure into biomass 
energy can effectively reduce the pollution emissions 
generated by traditional disposal methods such as 
burning and landfilling, while also addressing regional 
energy supply shortages without occupying additional 
arable land. This “waste-to-energy” model not only 
promotes resource recycling and improves ecological 
environmental quality but also provides green support 
for rural revitalization and the achievement of the “dual 
carbon” goals.

In recent years, the role of agricultural waste biomass 
energy utilization in supporting the “dual carbon” goals 
and environmental governance has become a hot topic 
in regional development research. Some studies have 
quantified the biomass energy potential of agricultural 
waste in different regions of China [3-5], while others 
have focused on the efficiency of agricultural waste 
utilization in rural energy substitution in the Central 
Plains region [6, 7]. However, most studies lack spatial 
analysis of the resource allocation and energy utilization 
potential of agricultural waste at the county scale, 
especially in the utilization of GIS spatial analysis 
methods to assess the biomass energy potential and 
emission reduction benefits of agricultural waste.

This study establishes a refined county-level 
quantitative framework to assess the biomass energy 
potential and associated environmental benefits of 
agricultural waste, specifically crop straw and livestock 
manure, in Zhengzhou for the year 2024. By integrating 
GIS-based spatial analysis, this research provides 
granular insights into the energy conversion potential 
and emission reduction impacts of these resources, 
establishing a scientific foundation for optimizing waste 
management and tailoring localized biomass energy 
strategies.

Two primary innovations distinguish this research 
from existing literature. First, by downscaling the 
assessment to the county level, this study addresses 

the limitations of previous macro-scale evaluations 
in the Central Plains region of China. This high-
resolution analysis provides more actionable data 
for localized policymaking and precision resource 
allocation, which are often obscured in aggregate 
provincial-scale data. Second, the integration of GIS 
techniques with the Local Moran’s I index facilitates 
a robust examination of the spatial autocorrelation and 
clustering characteristics of biomass resources [8]. This 
methodological advancement effectively captures the 
spatial heterogeneity of waste distribution, overcoming 
the constraints of traditional statistical methods that 
overlook geographical connectivity.

Therefore, using Zhengzhou as a representative case 
study, this research leverages county-level agricultural 
statistics and spatial econometrics to delineate the 
distribution patterns of biomass potential and its 
corresponding carbon mitigation capacity. The findings 
provide critical empirical evidence to guide the strategic 
deployment of biomass energy facilities and promote the 
regional transition toward a low-carbon economy. So, 
this data-driven approach contributes to the achievement 
of China’s “dual carbon” goals and offers a replicable 
model for localized renewable energy solutions in 
rapidly urbanizing agricultural regions.

Materials and Methods

Study Area Overview

Zhengzhou is located in the heart of the Yellow 
River Basin in central China, with geographic 
coordinates ranging from 112°42′ to 114°14′E and 
34°16′ to 34°58′N. It is the core city of the Central 
Plains urban agglomeration and also a major national 
transportation hub and agricultural center (Fig. 1). The 
city’s topography is characterized by a high southwest 
and low northeast, with a variety of landforms. The 
western part consists of the western foothills of the 
Taihang Mountains (such as Songshan and Mangshan), 
the central area is a transitional zone between the 
Loess Plateau and hills, while the eastern part is part 
of the expansive Huang-Huai-Hai Plain, with an overall 
elevation drop of more than 300 m. The Zhengzhou 
plain is particularly advantageous, benefiting from 
irrigation by the Yellow River and Huai River systems, 
with fertile soil and abundant light and heat resources. It 
is one of the main production areas for winter wheat in 
China, as well as an important base for the production of 
corn and vegetables, while also playing a key role in the 
production of commercial grain and livestock farming 
in the Central Plains economic zone.

The agricultural crop yield and livestock breeding 
data used in this study were derived from the 2024 
Zhengzhou Statistical Yearbook [9]. This study is 
based on county-level statistical records and literature-
derived coefficients rather than direct field or 
laboratory measurements. Therefore, the “accuracy” 
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in this work is primarily reflected by (i) the spatial/
temporal resolution of the statistical datasets (county-
level annual statistics) and (ii) the uncertainty of key 
model parameters (e.g., straw-to-grain ratio, collectable 
coefficient, conversion efficiency, and emission factors). 
To improve transparency, an uncertainty analysis was 
added to quantify the influence of parameter variability 
on the estimated biomass energy potential and emission 
reduction. These data, combined with regional 
agricultural statistics and GIS spatial analysis methods, 
were used to assess the biomass energy utilization 
potential of agricultural waste in Zhengzhou.

Data Analysis

Estimation of Collectible Straw Resources

Due to the lack of direct data on crop straw 
collection, this study referred to the regional straw-to-
grain ratio and collectable coefficient recommended 

by the Department of Agricultural Rural Science and 
Technology (Table 1). The collectible straw resource 
amount was estimated based on the yield of major crops 
in Zhengzhou. The specific calculation formula is as 
follows:

	 iiii KCQ ρ= 	 (1)

Where Qi was the collectible straw resource amount 
of the i crop (t), Ci was the yield of the i crop (t), ρi was 
the straw-to-grain ratio of the i crop, and Ki was the 
collectable coefficient of the i crop’s straw. 

Biomass Energy Potential of Crop Straw

Based on the China Energy Statistical Yearbook [10] 
and relevant studies [11, 12], combined with the primary 

Fig. 1. The study area.
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utilization pathways of straw in Henan Province, the 
biomass energy utilization potential of crop straw in 
Zhengzhou was assessed. The studies showed that 
the main disposal routes for straw in Zhengzhou 
include non-energy uses such as returning to the soil 
as fertilizer, silage, and hay storage, as well as its use 
as a substrate. The proportion of straw utilized for 
energy purposes was 32.89% [13, 14]. The studies also 
indicated that the average biomass energy conversion 
rate for different conversion technologies was 0.48 [6, 
15, 16]. This research primarily focused on the biomass 
energy utilization potential of crop straw, assuming a 
biomass energy conversion rate of 0.48, and calculated 
the potential for converting straw into biomass energy. 
The formula is as follows:	
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Where Qi was the biomass energy potential of the i 
crop straw (in standard coal, t), η was the proportion of 
crop straw that could be used for energy conversion (%), 
Φi was the standard coal conversion coefficient of the i 
crop straw (kg·kg-1), ε was the conversion efficiency of 
crop straw into biomass energy (%).

Assessment of Biomass Energy Utilization 
Potential of Livestock Manure

This study primarily calculated the biomass energy 
utilization potential of manure from livestock, including 
pigs, cattle, and sheep. Based on the livestock breeding 
scale and excretion coefficients in Zhengzhou, the 
collection amount of livestock manure was estimated, 
and its biomass energy utilization potential was 
calculated. The theoretical collection amount of 
livestock manure and its biomass energy utilization 
potential were calculated using the following formulas:

	

  

   εηΦ= iiE QQ   (2) 

 

         iiii ECTNX =     (3) 

 

       iiiii SXFE λβ=     (4) 

 

  )()(
1,

2 mj

n

ji
ij

mi
i xxW

S
xxI −

−
= ∑

=

    （5） 

 

        
2

1

2 )(1∑
=

−=
n

i
mi xx

n
S          （6） 

   ）（
XX NOSOiiNOSOiW PPSEPPSEMRP +−+×= ∑∑ == 22 1i1 )(    （7） 

             
22 11 COiiCOiiC PSEPSEMCP ×−×= ∑∑ ==  （8） 

 

	 (3)

	

  

   εηΦ= iiE QQ   (2) 

 

         iiii ECTNX =     (3) 

 

       iiiii SXFE λβ=     (4) 

 

  )()(
1,

2 mj

n

ji
ij

mi
i xxW

S
xxI −

−
= ∑

=

    （5） 

 

        
2

1

2 )(1∑
=

−=
n

i
mi xx

n
S          （6） 

   ）（
XX NOSOiiNOSOiW PPSEPPSEMRP +−+×= ∑∑ == 22 1i1 )(    （7） 

             
22 11 COiiCOiiC PSEPSEMCP ×−×= ∑∑ ==  （8） 

 

	 (4)

Where Xi was the theoretical collection amount 
of manure from the i livestock type (kg), Ni was the 
annual breeding number of the i livestock type (heads), 
Ti was the breeding cycle of the i livestock type (days), 
ECi was the excretion coefficient of the i livestock type 
(kg/(head·day)), FEi was the biomass energy utilization 
potential of the i livestock manure (m³), Si was the 
collectable coefficient of the i livestock manure, βi was 
the dry matter content of the i livestock manure (%), λi 
was the methane production per unit mass of manure 
from the iii-th livestock type (m³/kg).           

The daily excretion coefficients, collectable 
coefficients, dry matter content, and methane production 
rates for different livestock are shown in Table 2 [17, 18, 
20].

Spatial Analysis

To reveal the spatial distribution characteristics of 
agricultural waste in Zhengzhou, this study overlaid 
the 2024 agricultural organic waste data with the 
administrative division map of Zhengzhou and 
conducted spatial analysis using ARCGIS. Specifically, 
the Local Moran’s I index was used to calculate 
spatial autocorrelation, measuring the degree of spatial 
correlation between grid cells and their neighboring grid 
cells. The calculation formulas were as follows:
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Table 1. Straw-to-grain ratio, collectable coefficient, and standard coal conversion coefficient for major crops in Zhengzhou.

Crop type Straw-to-grain ratio Collectable coefficient Standard coal conversion coefficient (kg·kg-1)

Wheat 1.34 0.73 0.500

Corn 1.73 0.85 0.529

Legumes 1.57 0.56 0.534

Oilseed crops 1.22 0.83 0.518

Table 2. Daily excretion coefficients, collectable coefficients, dry matter content, and biogas production of different livestock.

Livestock type Breeding cycle 
(days)

Excretion coefficient 
(kg/(head·day)) Collectable coefficient Dry matter content 

(%)
Biogas production 

(m³/kg)

Pigs 199 2.86 0.9 20 0.30

Cattle 365 22.51 0.6 20 0.35

Sheep 365 1.24 0.6 75 0.33
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the CO₂ emission coefficients during the combustion of 
biomass energy converted from standard coal (kg/t). The 
emission coefficients during biomass energy combustion 
and direct combustion for crop straw and livestock 
manure are shown in Table 3.

Data Quality and Uncertainty Analysis

The input data for crop yield and livestock breeding 
scale were obtained from the Zhengzhou Statistical 
Yearbook 2024, which reports officially compiled 
annual statistics at the county (district/county-level city) 
scale. Since no direct measurements were performed in 
this study, uncertainty mainly arises from (i) the spatial 
aggregation of statistical data (county-level totals), and 
(ii) the literature-derived coefficients used in Eqs. (1)-
(8), including straw-to-grain ratios and collectable 
coefficients (Table 1), livestock manure-related 
coefficients (Table 2), conversion parameters (e.g., η and 
ε), and emission factors (Table 3).

To evaluate the robustness of the estimated biomass 
energy potential and emission reduction, we conducted 
a one-at-a-time sensitivity analysis. Each key parameter 
was perturbed by ±10% while other inputs were held 
constant, and the resulting changes in the main outputs 
(collectible straw amount, standard coal equivalent, and 
SO₂/NOₓ/CO₂ reduction) were recorded. The sensitivity 
index was calculated as the percentage change in each 
output relative to the baseline scenario. This provides 
an uncertainty envelope for interpreting the results 
and identifies the dominant contributors to overall 
uncertainty.

Results and Discussion

Collectible Straw Amount

As shown in Fig. 2A, the spatial distribution of 
the collectible straw amounts for different crops in 
Zhengzhou varies significantly, with key high-value 
areas concentrated in specific regions. The collectible 
straw amounts of the major crops in Zhengzhou in 2024 
included four main crop types: legumes, wheat, corn, 
and oilseed crops. Based on the spatial distribution 
of collectible straw amounts for different crops in 
Zhengzhou in 2024, the highest collectible corn straw 
amounts were concentrated in the eastern parts of 
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Where xi and xj represented the elevation values of 
grid cells i and j, xm was the mean value of all elevation 
values, n was the total number of grid cells, and Wij was 
the spatial adjacency weight matrix between each grid 
cell i and j in the study area. 

Emission Reduction Calculation of Agricultural Waste

The biomass energy utilization of crop straw 
is considered a carbon-neutral renewable energy 
source. Although CO₂ is released during pyrolysis or 
combustion, this carbon originates from the atmospheric 
carbon absorbed during the crop growth phase, forming 
a closed carbon cycle, with theoretical net carbon 
emissions approaching zero. The energy utilization of 
livestock manure is primarily achieved through biogas, 
whose main component is CH₄, with minimal emissions 
of NOₓ and SO₂, which can therefore be ignored [15-21]. 
This study calculated the emission reduction potential of 
crop straw and livestock manure, including the pollutant 
emissions from open burning of straw and the reduction 
in pollutants due to the substitution of coal combustion 
by biomass energy. The emission reduction potential 
of livestock manure was based on the reduction of 
pollutants from the substitution of fossil fuel combustion 
by biogas. The specific calculation formulas are as 
follows:
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Where RPW was the atmospheric pollutant emission 
reduction potential of agricultural waste (t), SEMi was 
the biomass energy content of the i waste converted 
to standard coal (t), PSO2

 and PNOX
 were the SO₂ and 

NOₓ emission coefficients, respectively, during the 
combustion of biomass energy converted from standard 
coal (kg/t), SEi was the amount of the i waste converted 
into biomass energy (t), and CPC was the CO₂ emission 
reduction potential of agricultural waste (t). PCO2

 were 

Table 3. Emission coefficients of biomass from crop straw and livestock manure during standard coal conversion and direct combustion.

Waste type Utilization method SO2 (kg·t-1) NOX (kg·t-1) CO2 (kg·t-1)

Crop straw
Direct combustion 5.63×10-2 1.95 0

Standard coal combustion 28.65 7.1 2663.7

Livestock manure
Biogas combustion 0 0 0

Standard coal combustion 28.65 7.1 2663.7
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Zhengzhou, including the districts and county-level 
cities of Zhongmu, Xingyang, Xinzheng, Dengfeng, 
and Xinmi, with each of these areas having a collectible 
straw amount exceeding 13.0×10³ t. The highest 
collectible wheat straw amounts were mainly distributed 
in the southwestern region, with the top five areas being 
Xinzheng, Xinmi, Xingyang, Dengfeng, and Zhongmu, 
each having a collectible straw amount exceeding 
10.6×10³ t. The distribution of collectible wheat and 
corn straw amounts showed certain similarities, with 
the core high-value areas primarily located in the plains 
regions of Zhengzhou, where agricultural production 
is well-developed (e.g., the southwestern and eastern 
regions). This distribution pattern closely aligns with the 
concentration of farmland resources and the large-scale 
cultivation of staple crops in these areas.

The highest collectible straw amounts for legume 
crops were concentrated in the southern counties, with 
most counties having a collectible amount exceeding 
1.0×10³ t. The highest collectible straw amounts for 
oilseed crops were found in a single eastern county, 
with the amount exceeding 5.0×10³ t, while other areas 

generally had medium to low values (≤2.9×10³ t). The 
distribution of collectible rice straw amounts was 
generally limited by climatic conditions. As Zhengzhou 
is a northern city, the scale of rice cultivation is limited, 
so no significant concentrated distribution of rice straw 
was observed.

This study calculated that the collectible wheat 
straw amount in Zhengzhou was 6.7×10⁵ t, and the 
collectible corn straw amount was 9.5×10⁵ t. These 
results are highly consistent with related studies, as 
wheat and corn are the major crops in Henan Province, 
and the distribution of straw yield at the county scale 
is highly correlated with the area of crop cultivation. 
Furthermore, the wheat straw production coefficient of 
1.28 provided authoritative data for this study [22].

Building on these findings, Fig. 2B further illustrates 
the overall spatial pattern of straw resources, revealing 
a ‘core high-value concentration, peripheral gradient 
decrease’ distribution. In addition, the distribution 
of collectible straw amounts for different crops was 
significantly correlated with the regional agricultural 
production pattern. In the high-value areas of the yield 

Fig. 2A. Collectible straw amounts of major crops in Zhengzhou in 2024: a) Legume crop straw, b) Wheat straw, c) Corn straw, and d) 
Oilseed crop straw.
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classification map, a “high-high” clustering zone was 
formed, where not only the local crop yield was high, 
but also the neighboring areas had relatively high yields. 
These areas typically had large cultivated land areas, 
high planting concentration, and were located near the 
Yellow River system, with abundant water resources, 
resulting in a strong supply capacity for straw resources. 
In the low-value areas, a “low-low” clustering zone was 
formed, where crop cultivation was diversified, but the 
scale of single crops was limited, leading to a lower 
concentration of recyclable straw amounts.

Following this, Fig. 2C focuses on the biomass 
energy potential of straw-based agricultural solid 
waste in Zhengzhou, demonstrating the contribution 
of different crop straw types and offering insights into 
the regional biomass energy potential. Each county-
level unit displayed the composition of wheat, corn, 
cereal, and oilseed crop straw, with color proportions 
indicating their respective shares. Wheat and corn straw 

dominated, as these two types of straw have stable 
carbon-to-nitrogen ratios and are easier to collect on a 
large scale, making them high-potential, centralized 
biomass energy sources. Although oilseed crop straw 
accounted for a relatively small proportion across the 
region, its higher calorific value density made it suitable 
for distributed biomass energy utilization, thus forming 
an important complement to the regional biomass 
energy potential.

From a spatial distribution perspective, the size 
differences in the county-level pie charts were small, 
indicating that the total biomass energy potential of 
straw-based agricultural solid waste in Zhengzhou was 
relatively balanced across counties, with no significant 
resource gaps. This provided a stable raw material 
foundation for regional biomass energy utilization. 
However, the spatial differentiation in straw composition 
(e.g., the higher proportion of oilseed crop straw in 
the eastern regions) suggested that there were certain 

Fig. 2C. Contribution of crop straw sources in Zhengzhou in 2024.

Fig. 2B. Crop straw output in Zhengzhou. 
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differences in the types of biomass energy potential 
across counties, providing a basis for the development of 
regional biomass energy utilization strategies.

Biomass Energy Utilization Potential  
of Crop Straw

The biomass energy utilization potential and 
emission reduction potential of major crop straws in 
Zhengzhou in 2024 are shown in Table 4. Based on the 
calculations from Equation (2) and the data in Table 2 
and Table 3, the biomass energy utilization potential 
of major crop straws in Zhengzhou was found to be 
1.47×10⁵ t of standard coal. Among them, wheat and 
corn straw were the primary sources of biomass energy 
utilization in Zhengzhou, accounting for 36% and 54% 
of the total potential, respectively. The biomass energy 
utilization potential of wheat straw was 10.98×10⁴ t, 
while that of corn straw was 16.46×10⁴ t, representing 
the largest shares.

Fig. 2D shows the spatial distribution of the biomass 
energy utilization potential of major crop straws in 
Zhengzhou in 2024. As shown in the figure, the high-
value areas of biomass energy potential for crop 
straws were mainly concentrated in the eastern part 
of Zhengzhou. From a spatial distribution perspective, 
the western region of Zhengzhou, including counties 
like Gongyi and Dengfeng, had lower biomass energy 
utilization potential for crop straws, with values 
generally below 1800 tons, which was only 2.3% of the 
area with the highest potential in Zhongmu. Additionally, 
the top five counties for wheat straw biomass energy 
potential were Dengfeng, Xinmi, Xingyang, Xinzheng, 
and Zhongmu, with potential values exceeding 1.4×10⁴ t. 
Similarly, the top five counties for corn straw biomass 
energy potential were Zhongmu, Xinmi, Xinzheng, 
Gongyi, and Xingyang, with potential values exceeding 
1.5×10⁴ t.

The spatial distribution of biomass energy potential 
for wheat and corn straw showed high similarity, 
with the core high-value areas mainly located in the 
southwestern Dengfeng-Xinmi region and the eastern 
Zhongmu-Xinzheng region. In contrast, the biomass 
energy potential of legume crop straws was primarily 
distributed in the southern part of Xinmi, the western 
part of Gongyi, and the central part of Xingyang. 
Oilseed crop straw, however, exhibited significant point 

concentrations, with the highest potential in Zhongmu, 
where the value exceeded 5×10³ t.

Biomass Energy Utilization Potential 
of Livestock Manure

This study also assessed the biomass energy 
utilization potential of livestock manure in Zhengzhou, 
focusing primarily on the excreta of pigs, cattle, and 
sheep. Table 5 presents the biogas production potential 
and emission reduction potential of livestock manure in 
Zhengzhou.

According to the spatial distribution in Fig. 3A, 
the biomass energy utilization potential of livestock 
manure in Zhengzhou increased from west to south, 
differing from the east-to-west decreasing trend of 
livestock manure potential in Henan Province reported 
in previous studies. This discrepancy is attributed to 
Zhengzhou’s geographic features: eastern Henan (e.g., 
Shangqiu and Zhoukou) is a major flatland agricultural 
area, while western Zhengzhou is mostly mountainous, 
and southern Zhengzhou has large-scale livestock 
farming [23]. The potential was concentrated in western, 
southern, and eastern Zhengzhou, with the southern 
counties having the highest potential (3.69×10⁶ m³),  
1.32 times that of the western region.

The biomass energy potential of livestock manure 
showed some spatial correlation with that of crop 
straw, though differences existed. The high-value areas 
for livestock manure were mainly concentrated in the 
southern part of Zhengzhou, whereas crop straw had 
high-value areas more widely distributed across the 
southwestern and eastern counties.

Regarding the biomass energy potential of different 
types of livestock manure, pig manure potential was 
primarily concentrated in the southwestern region of 
Zhengzhou, particularly in Gongyi, where it reached 
3.69×10⁶ m³. This was followed by Dengfeng at 3.43×10⁶ 
m³, and Xinmi and Xinzheng in the east and south 
with potential values of 2.81×10⁶ m³ and 2.79×10⁶ m³, 
respectively. In contrast, the northeastern county of 
Zhongmu showed relatively low pig manure potential, 
with some areas having no livestock farming.

The biomass energy utilization potential of cattle 
manure was mainly distributed in the eastern and 
central regions of Zhengzhou, especially in eastern 
Zhongmu, where it reached the highest at 5.25×10⁶ m³. 

Table 4. Biomass energy utilization potential and emission reduction potential of major crop straws in Zhengzhou.

Crop type
Biomass energy 

utilization potential 
(104 t)

Energy utilization 
potential (104 t)

Atmospheric pollutant 
emissions (SO2, NOx) 

(102 t)

Emissions during 
energy utilization 

(102 t)

CO2 emission 
reduction (104 t)

Wheat 10.98 5.27 39.25 1.06 29.24

Corn 16.46 7.90 58.85 1.59 43.85

Legumes 0.19 0.09 0.67 0.02 0.50

Oilseed crops 3.03 1.45 10.83 0.29 8.07
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The next highest values were found in southwestern 
Dengfeng and central Xingyang, at 4.84×10⁶ m³ and 
4.76×10⁶ m³, respectively. In the northwest, Gongyi had 
a relatively low cattle manure potential, with a value of 
only 1.49×10⁶ m³.

The biomass energy potential of sheep manure 
showed a similar distribution pattern to cattle 
manure, with the highest potential concentrated in 
the southwestern to central regions. Southwestern 
Dengfeng had the highest sheep manure potential at 
5.36×10⁶ m³, followed by southern Xinmi and eastern 

Zhongmu at 3.40×10⁶ m³ and 4.18×10⁶ m³, respectively. 
Approximately 30% of counties in Zhengzhou had 
medium to low sheep manure biomass energy utilization 
potential.

From the analysis of Fig. 3B, it can be seen that the 
biomass energy utilization potential for cattle and sheep 
manure generally accounted for a higher proportion 
compared to pig manure in each district. This was 
primarily because, although pig farming in Zhengzhou 
had some scale, the breeding cycle for pigs is relatively 
short (approximately 199 days), while cattle and sheep 

Fig. 2D. Spatial distribution of biomass energy utilization potential of major crop straws in Zhengzhou: a) legume crop straw, b) wheat 
straw, c) corn straw, and d) oilseed crop straw.

Table 5. Biogas production potential and emission reduction potential of livestock manure in Zhengzhou.

Livestock type Biogas production potential 
(107 m³)

Atmospheric pollutant emission reduction 
(102 t)

CO2 emission reduction 
(107 t)

Cattle 2.53 6.45 6.73

Sheep 2.83 7.22 7.53

Pigs 1.82 4.65 4.85
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Fig. 3A. Spatial distribution of biomass energy utilization potential of livestock manure in Zhengzhou: a) cattle manure, b) sheep manure, 
and c) pig manure.

Fig. 3B. Contribution of livestock manure biomass energy potential in Zhengzhou.
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have longer breeding cycles (both 365 days), resulting 
in a higher contribution of cattle and sheep manure at 
the district level. Moreover, the proportion of each type 
of livestock manure in biomass energy utilization did 
not show a “single-type dominance” in any county, 
reflecting the diversified sources of biomass energy 
from livestock manure in Zhengzhou.

Emission Reduction Analysis  
of Agricultural Waste

Based on the biomass energy utilization potential 
of agricultural waste in Zhengzhou in 2024, this study 
further analyzed the emission reduction potential of 
agricultural waste, focusing on atmospheric pollutants 
(SO₂, NOₓ) and carbon dioxide (CO₂) emissions. The 
total biomass energy utilization equivalent to standard 
coal for agricultural waste was approximately 3.58×10⁵ t. 
Considering that the energy conversion efficiency is 

less than 100%, the amount of biomass energy that can 
actually be converted is about 3.04×10⁵ t of standard 
coal.

Specifically, the biomass energy utilization potential 
of crop straw reached approximately 3.07×10⁵ t 
of standard coal, while that of livestock manure was 
0.51×10⁵ t, indicating a higher potential for crop straw 
than for livestock manure.

In terms of emission reduction benefits, replacing 
standard coal with crop straw and livestock manure 
could reduce SO₂ and NOₓ emissions by 4.52×10² t and 
CO₂ by approximately 1.99×10⁷ t. In detail, crop straw 
contributed to a SO₂ and NOₓ reduction of 2.69×10² t 
and a CO₂ reduction of about 8.17×10⁵ t, while livestock 
manure led to a SO₂ and NOₓ reduction of 1.83×10² t and 
a CO₂ reduction of approximately 1.91×10⁷ t.

Zhengzhou could achieve a carbon reduction of about 
1.99×10⁷ t annually through anaerobic fermentation of 
straw and livestock manure. This result is consistent 

Fig. 4A. Spatial distribution of agricultural waste emission reduction potential in Zhengzhou: a) CO₂ emission reduction from livestock 
manure, b) atmospheric pollutant emission reduction from livestock manure, c) CO₂ emission reduction from crop straw, and d) 
atmospheric pollutant emission reduction from crop straw.



Yixin Liang, et al.12

with the findings of Nie et al. on the carbon reduction 
potential of biomass energy in the Huang-Huai-Hai Plain 
[24]. The refined county-scale calculation results of this 
study fall within the reasonable range of carbon emission 
reduction intensity reported in existing research. Further 
comparison with regional studies shows this result is 
slightly higher than the average county-level agricultural 
waste carbon emission reduction capacity in Henan 
Province (1.8×10⁷ t) [23], mainly due to the high level of 
large-scale agricultural waste collection and utilization 
in Zhengzhou as the core city of the Central Plains Urban 
Agglomeration. Unlike single-crop straw emission 
reduction studies in the Huang-Huai-Hai Plain [22], 
this study incorporates livestock manure contributions, 
which account for over 35% of total emission reduction 
and make up for the limitations of straw-only studies. 
Meanwhile, uncertainty analysis shows that the error of 
similar studies in the Huang-Huai-Hai Plain is typically 
within 15% [15], and the results of this study also fall 
within this credible interval, verifying the reliability of 
the conclusions.

Based on 1-km-resolution data, this study confirmed 
that the carbon reduction intensity of agricultural waste 
biomass energy utilization can reach 0.8~1.2 t CO₂ per 
ton of standard coal. Carbon reduction benefits in the 
Eastern and Central Plains of Henan are significantly 
higher in plain areas than mountainous ones due to 
resource concentration, which further supports the 
importance of promoting agricultural waste biomass 
energy utilization in Zhengzhou for regional “dual 
carbon” goals.

Fig. 4A shows the spatial distribution of the emission 
reduction potential of agricultural waste in Zhengzhou. 
The spatial distribution of atmospheric pollutants 
and CO₂ emission reduction potential is basically 
consistent, both showing a spatial pattern of “higher in 

the west, lower in the east, and decreasing from south 
to central”. Crop straw emission reduction potential 
was mainly concentrated in the western, southern, and 
eastern counties, especially Zhongmu County, with SO₂ 
reductions of 48.38 t and CO₂ reductions of 1.34×10⁵ t. 
Livestock manure emission reduction potential exhibited 
a similar distribution trend, with Dengfeng City having 
the highest atmospheric pollutant reduction of 348.21 t 
and a CO₂ reduction of 3.63×10⁷ t.

Fig. 4B displays the local Moran’s I spatial clustering 
distribution characteristics of the emission reduction 
potential of agricultural waste in Zhengzhou. According 
to the distribution shown in the figure, the high-value 
areas of agricultural waste emission reduction potential 
were primarily concentrated in the western and eastern 
counties, especially in Xinmi and Zhongmu, where 
agricultural waste resources were abundant, providing 
strong support for emission reduction efforts in these 
regions.

Further analysis showed that the “high-high 
clustering” zone for agricultural waste emission 
reduction potential in Zhengzhou was located in 
Xinmi, where both atmospheric pollutant reduction 
potential and CO₂ reduction potential were high, 
forming a concentrated zone for emission reduction 
from agricultural waste. In contrast, Jinshui had lower 
agricultural waste emission reduction potential, with 
neighboring areas also showing lower potential, forming 
a zone with relatively low emission reduction benefits.

The above estimates depend on county-level 
statistical data and literature-derived coefficients, 
which inevitably introduce parameter uncertainty. 
Although absolute estimates may vary due to parameter 
uncertainty, the relative spatial pattern and clustering 
results (Local Moran’s I) are expected to be robust 
because the same parameter set is consistently applied 

Fig. 4B. Agricultural waste emission reduction potential in Zhengzhou.
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across all county units. Nevertheless, future work could 
further quantify uncertainty ranges (e.g., sensitivity  
or Monte Carlo analysis) to provide confidence intervals 
for the estimated energy potential and emission 
reduction.

Conclusions

This study quantitatively assessed the biomass 
energy utilization potential and emission reduction 
benefits of agricultural waste (including crop straw and 
livestock manure) in Zhengzhou, revealing their spatial 
distribution characteristics. The main conclusions are as 
follows:

(1) In 2024, the recyclable amount of major crop 
straws in Zhengzhou was approximately 1.8×10⁶ t, with 
corn straw being primarily concentrated in the eastern 
counties and wheat straw predominantly distributed 
in the southwestern region. This distribution pattern 
reflects the characteristics of Zhengzhou’s agricultural 
production layout and provides data support for spatial 
optimization of agricultural waste. The biomass energy 
utilization potential of crop straw was 30.66×10⁶ t, with 
corn straw accounting for 53.68% and wheat straw for 
35.81%. Additionally, the biomass energy utilization 
potential of the three main livestock types in Zhengzhou 
(cattle, sheep, and pigs) was 7.18×10⁷ t, equivalent to 
5.12×10⁴ t of standard coal.

(2) The total biomass energy utilization equivalent to 
standard coal for agricultural waste in Zhengzhou was 
approximately 3.58×10⁵ t, with crop straw utilization 
potential dominating, far exceeding the biomass energy 
potential of livestock manure. Specifically, the biomass 
energy utilization potential of crop straw was 3.07×10⁵ t 
of standard coal, while the biomass energy utilization 
potential of livestock manure was 0.51×10⁵ t of standard 
coal. In terms of emission reduction, the biomass energy 
utilization of agricultural waste can effectively reduce 
atmospheric pollutant emissions, particularly SO₂ and 
NOₓ, and has a significant effect on CO₂ reduction. 
Specifically, the utilization of agricultural waste can 
reduce SO₂ and NOₓ emissions by 4.52×10² t and CO₂ 
emissions by approximately 1.99×10⁷ t.

(3) From a spatial distribution perspective, the 
biomass energy utilization potential of crop straw and 
livestock manure exhibited a spatial pattern of “high-
value concentration and low-value sparsity”, with 
agricultural waste resources being particularly abundant 
in areas such as Zhongmu, Xinzheng, and Xinmi, 
which have a higher emission reduction potential. The 
emission reduction potential of agricultural waste in 
Zhengzhou exhibited significant spatial autocorrelation, 
with high-value and low-value areas showing a “bipolar 
clustering” characteristic.

This study provides an important quantitative 
analysis foundation for the resource utilization and 
biomass energy development of agricultural waste in 
Zhengzhou. It reveals the distribution characteristics of 

biomass energy potential for different crop and livestock 
waste. In the future, Zhengzhou should formulate 
more refined and regionalized strategies for resource 
utilization and biomass energy development based on 
the spatial distribution of agricultural waste resources 
and biomass energy potential in each county. This will 
help promote the efficient utilization of agricultural 
waste and contribute to the sustainable development of 
the regional economy and the achievement of the “dual 
carbon” goals.
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